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Loi m& dau - Foreword

Cuén sach nay thudc bo gido trinh luyén thi chuong trinh quéc té€ ciia 8020 English (8020 Education)
— trung tam luyén thi trong diém IELTS - SAT - AP - IB - A-level - IGCSE va sian hoc béng du hoc. Toan
bé ndi dung duoc bién soan bai doi ngli Gido su - Tién si - Thac si t6t nghiép cac truong top dau thé
gidi, bAm sat khung chuong trinh chinh thirc, trinh bay day du ly thuyét, vi du mau, hinh minh hoa
va hé théng bai tap co |&i gidi chi tiét.

This book is part of the 8020 English international exam-prep series: complete English theory with Viet-
namese explanations, worked examples, illustrations and fully-solved practice, aligned to the official frame-
work.

Thanh tich 8020 English

9.0 IELTS cao nhat 1570 SAT cao nhat
5/5 AP — diém tuyét déi 90/100 1B Diploma
100% Gv > 8.0 IELTS / 1500 SAT CMU Tién si DH #1 Hoa Ky vé CS

Poi ngii tiéu bi€u: Thay Chau Cat Tudng (Academic Head, ThS Western Sydney, top 1% IELTS 8.5)
- TS Nguyén Anh Huy (Carnegie Mellon, cuu ky s Amazon) - TS Nguyén Phuéc Trudng (Toan, DH
Klagenfurt) - cting doi ngl giang vién SAT 1500-1600, IELTS 8.0-8.5.

Két qua hoc vién — diém thi that: IELTS 8.0-9.0 - SAT 1550 / 1570 / 1590 - AP 5/5 (Calculus BC,
Microeconomics) - IB 90/100 (Economics) - Duolingo 110 - PTE 90 - TOEFL 120. Bang vang SAT:
Khanh Bang 1510 - Thado Nguyén 1520 - Tam Anh 1530.

“Cubi cung dd ddu vao trudng top nhu’ mong muén.” — Phan Thi Thanh Hdng, IELTS Overall 8.5.

Cach dung sach hiéu qua: moi Unit gém (1) Ly thuyét trong tam tiéng Anh kém giai thich tiéng Viét;
(2) Vi du mau c6 16 giai; (3) Hé thong bai tap kém 16 giai chi tiét. Hay tu 1am bai trudc khi xem 16
giai dé dat hiéu qua téi da.
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IB DIPLOMA PROGRAMME . Unit 1

Theme A: Space, Time and Motion

Muc tiéu Unit: Sau chuong nay, hoc sinh ¢6 thé: dung va doc hi€u dé thi chuyén déng, sir dung thanh
thao b&n phuong trinh chuyén dong thang bién déi déu (SUVAT) va ap dung cho chuyén dong roi tu do
cung chuyén dong ném ngang/ném xién; phan tich chuyén dong tron déu qua chu ky, tan s8, van toc
goc va gia téc hudng tdm; van dung ba dinh luat Newton, lw'c ma sat va dinh luat Hooke dé giai cac bai
toan luc; str dung dong lugng, xung lugng va dinh luat bao toan dong lugng cho va cham dan hoi va va
cham mém; ap dung dinh luat van vat hap dan cla Newton cho chuyén déng quy dao tron va dinh luat
Kepler; tinh céng, dong nang, thé nang, cong suat va hiéu suat, dong thaoi van dung dinh luat bao toan
co nang; & mirc AHL: phan tich can bing cta vat rin qua mé-men lw'c, mé-men quan tinh, déng luong
gbc va chuyén dong |an khoéng truot; va trinh bay cac khai niém nén tang cua thuyét twong déi Galileo
va thuyét tuong d6i hep Einstein, bao gbm gian thai gian, co do dai va su tuong duong khéi luvgng-nang
luong.

1.1 A.1 Kinematics

1.1.1 Position, Displacement, Velocity and Acceleration

Kinematics describes motion without reference to its cause. Every one-dimensional kinematic quan-
tity needs a defined positive direction; once that sign convention is fixed, all quantities - positive or
negative - are handled by ordinary algebra.

Position x is the location of an object relative to a chosen origin, measured along a chosen axis.
Distance is the total length of the path travelled - a positive scalar that never decreases. Displace-
ment Ar =z, — x, is a vector: the straight-line change in position from initial to final point, which
can be positive, negative, or (if the object returns to its starting point) zero, even though the distance
travelled is not.

Quick check: a runner completes one full lap of a 400 m circular track, finishing exactly where
she started. The distance she travelled is 400 m, but her displacement is 0 m - start and finish coin-
cide. This simple case shows clearly that distance and displacement, though related, are genuinely
different quantities.

Speed is the (scalar) rate at which distance is covered; velocity is the (vector) rate of change of
displacement. Average velocity over a time interval is

Ax Ty — T

6:7: s
At~ tp—t,

while instantaneous velocity is the average velocity taken over a vanishingly small time interval -
graphically, the slope of the position-time (z-t) graph at that instant. Average speed is total distance
divided by total time; in general average speed > the magnitude of average velocity, with equality
only when the motion never reverses direction.
Acceleration is the rate of change of velocity,
Av v =,

627: s
Attt

again a vector. An object speeds up when a and v point the same way, and slows down when they
point in opposite directions - regardless of whether a itself is "positive” or "negative” in the chosen
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sign convention. A negative acceleration does not automatically mean "slowing down”; it means the
acceleration vector points in the negative direction.

Choose one positive direction (e.g. right, or up) before writing any equation. Then:

e Displacement, velocity and acceleration in that direction are positive; opposite-direction
values are negative.

e Speeding up: v and a have the same sign. Slowing down: v and a have opposite signs.

« average speed — total distance - displacement

total time ’ time '
. GIAI THICH TIENG VIET
Quang duong (distance) ludn la sé duwong va chi ting, con do dich chuyén (displacement) |a
mot vector, cé thé am, duong, hodc bang 0 néu vat quay lai ding diém xuat phat. Téc do trung
binh = téng quang dudng / téng thoi gian, con van téc trung binh = d6 dich chuyén / thoi gian
- hai dai lwvgng nay chi bang nhau khi vat chuyén dong theo mét chiéu duy nhat, khéng quay
dau. Meo nhé dau gia toc: vat tang toc khi v va a cung dau; vat gidm toc khi v va a trai dau -
khéng phai clr a < 0 la vat dang cham lai.

(1) L6i thuong gap: Nhiéu hoc sinh mic dinh "gia t8c am nghia 1a vat cham dan”. Diéu do chi
dang khi van téc dang duong. Néu mot vat chuyén déng theo chiéu am (v < 0) va cé a < 0,
vat dang tang téc theo chiéu am (di nhanh dan vé phia am), khéng phai cham lai. Ludn kiém
tra dau cua ca v va a cuing mot ldc.

Vi du mAu - Distance, displacement, speed and velocity

A hiker walks 300 m due east in 120 s, then turns around and walks 100 m due west in a further
80s. Taking east as positive, find (a) the total distance travelled, (b) the displacement, (c) the
average speed, and (d) the average velocity.

(a) Distance = 300 + 100 = [400 m .

(b) Displacement = 300 — 100 = (east).

. 400
(c) Total time = 120 + 8;)0: 200s. Average speed = 200 = .
(d) Average velocity = 200 = east.

Note that (c) and (d) differ, precisely because the hiker reversed direction partway through the
walk.

1.1.2 Motion Graphs

The three standard motion graphs - position-time (z-t), velocity-time (v-t), and acceleration-time
(a-t) - encode the same motion in different but connected ways, related through the operations of
slope (gradient) and area.

On an z-t graph, the slope equals the instantaneous velocity: a horizontal line means zero ve-
locity (at rest), a constant nonzero slope means uniform velocity, and a changing slope means the
object is accelerating. On a v-t graph, the slope equals the instantaneous acceleration, and the area
between the curve and the time axis over an interval equals the displacement during that interval
(area below the axis counts as negative displacement, to be subtracted). On an a-t graph, the area
under the curve over an interval equals the change in velocity, Av, during that interval.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 9
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Graph relationships
e Slope of x-t graph = velocity v.

e Slope of v-t graph = acceleration a.
e Area under v-t graph (between curve and time axis) = displacement Az.

e Area under a-t graph = change in velocity Awv.

constant velocity
20 |
’UT 1
S~ |
£ |
2 l
> |
:l: 1
U |
(@) |
KJ) acgéleratin |
2 &
|
l
|
0 !
0 10

Time, t (s)

A velocity-time graph for a train: uniform acceleration (0-10 s), constant velocity (10-30 s), uniform deceleration
(30-35 s). The area under the graph equals the total displacement.

Vi du miu - Displacement from a v-t graph

Using the train’s motion graph above, find the total displacement over the 35 s journey.

Split the area under the graph into three simple shapes.
Phase 1 (0-10 s, triangle): s; = £(10)(20) = 100 m.
Phase 2 (10-30 s, rectangle): s, = (20)(20) = 400 m.
Phase 3 (30-35 s, triangle): s3 = (5)(20) = 50 m.

Total displacement: s = 100 + 400 + 50 = [550 m .

The corresponding acceleration-time graph for the same journey is a simple step function, since
the acceleration is constant (but different) within each of the three phases:

L2

E

S 0f

c

o

5

©

<

(O]

g | —
0 10 30 35

Time, ¢ (s)

The acceleration-time graph for the same train journey: a = +2.0 m/s> while accelerating (0-10 s), a = 0 while cruising
(10-30s),a = —4.0 m/s” while decelerating (30-35 s).

The area under this a-t graph equals the change in velocity in each phase. Phase 1: area =
2.0(10) = 20 m/s, matching the train’s velocity change from 0 to 20 m/s. Phase 3: area = —4.0(5) =

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 10



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

—20m/s, matching the change from 20m/s back to 0 - confirming the area-under-a-t-graph rule
stated above.
- GIAI THICH TIENG VIET
Dién tich dudi d6 thi v-t chinh la d6 dich chuyén - day 13 ky nang doc d6 thi quan trong nhat
cta phan dong hoc. V&i d6 thi hinh thang hodc gdbm nhiéu doan thang, hay chia thanh cac hinh
tam giac va hinh chir nhat don gian réi cong dién tich lai, nhw vi du tau hoa & trén (100 m + 400
m + 50 m = 550 m). Néu dd thi nam dudi truc thai gian, dién tich dé (rng véi do dich chuyén
am.

1.1.3 Equations of Motion for Uniform Acceleration (SUVAT)
For motion with constant acceleration a, five kinematic quantities are related: initial velocity w, fi-
nal velocity v, acceleration a, displacement s, and time ¢ - hence "SUVAT”. Any three of the five

determine the other two.
First equation. From the definition of (constant) acceleration, ¢ =

, rearranging directly

gives
v =u+ at. (1)

Second equation. Displacement equals average velocity multiplied by time; because acceleration
is uniform, velocity increases linearly with time, so the average velocity over the interval is exactly
the mean of the initial and final velocities:

5:“;” s:ﬂt:u;v (4)
Substituting v = u + at from (1) into (4):
t 2 t
g utlutal), 2utal, o 1. (2)

2 2

Third equation. Eliminating ¢ between (1) and (2) - solve (1) for ¢ = (v — u)/a and substitute into
(2) - yields the time-independent form

v?2 = u? + 2as. (3)

Equations of motion (constant acceleration a):
v=u+at s=ut+iat> vV =u?+2as s=1i(u+to)t

where u = initial velocity, v = final velocity, a = constant acceleration, s = displacement, ¢ =
time elapsed. Pick the equation that already contains the three known quantities and the
one unknown you need - this avoids solving for an unwanted intermediate variable. These
equations apply only while the acceleration is genuinely constant.

Equation (2), s = ut+ %atQ, also explains the shape of the -t graph under constant acceleration:
starting from rest (u = 0), s o< t?, so the x-t graph is a parabola, not a straight line. Its slope - the
velocity - grows linearly with time, consistent with v = u + at and with the earlier statement that
the slope of an x-t graph gives the velocity at every instant.

. GIAI THICH TIENG VIET

B&n cong thirc SUVAT chi 4p dung khi gia t6c khéng ddi. Meo chon cong thirc nhanh: liét ké
5 dai lvong u, v, a, s, t, gach chan 3 dai lvgng da biét va 1 dai lvong can tim, roi chon cong
thire nao khéng chira dai lvgng con lai (chua biét va khéng can tim). Cach nay giap tranh giai
phuong trinh bac hai khéng can thiét.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 11
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Vi du mAiu - Uniformly accelerated car

A car starts from rest and accelerates uniformly at 3.0 m/s2 for 6.0s. Find (a) its final velocity,
and (b) the distance it travels.

(@) v =1+ at = 0+3.0(6.0) =18 m/s].

(b) s = ut + tat? = 0+ 1(3.0)(6.0)2 =54 m].
Check with v? = u? + 2as: 182 = 324 and 2(3.0)(54) = 324 - consistent.

Vi du mau - Stopping distance of a car

A car travels at a constant 25 m/s. The driver’s reaction time is 0.70 s (during which the car
continues at constant velocity), after which the brakes produce a deceleration of 6.0 m/s2 until
the car stops. Find the total stopping distance.

Thinking distance (constant velocity during reaction time): s; = v t,eaction = 25(0.70) = 17.5m.
Braking distance: v? = u? + 2as, = 0 =252 +2(—6.0)s, = s, = T = 52.1m.
Total stopping distance: s = s; + s, = 17.5 + 52.1 =[69.6 m .

A typical alert driver’s reaction time is around 0.2 s to 0.9 s; fatigue, distraction (e.g. mobile phone
use), or alcohol can more than double it, directly and proportionally increasing the thinking distance
calculated above, even before accounting for any change in braking performance.

1.1.4 Free Fall and Vertical Motion

Near a planet’s surface, in the absence of air resistance, every object - regardless of mass - falls
with the same constant acceleration, the local gravitational field strength g. Near Earth’s surface,
g = 9.81m/s?, directed vertically downward. Free fall is simply SUVAT motion with a = —g if
"upward” is chosen positive (or a = +¢ if "downward” is chosen positive) - the physics is identical;
only the bookkeeping changes.

For an object thrown vertically upward with initial speed w, taking up as positive so a = —g:

o At the highest point, the instantaneous velocity is zero - but the acceleration is still —g through-
out, since gravity never switches off.

e Time to reach maximum height: from v = u + at withv =0: 0 = u — gt,, = t,, = 2
g
e Maximum height above the launch point: from v? = u? +2aswithv =0: 0 = v? —2gH — H =
2
u
%-

¢ |f the object lands back at the same height from which it was launched, by symmetry the total
. o 2 . . .
time of flightis T = 2¢,,, = =% and it returns with speed v, directed downward.
g

Newton's second law explains directly why, in the absence of air resistance, all objects fall with
the same acceleration regardless of their mass: applying F},.; = ma to a falling object gives mg = ma,
and the mass cancels exactly, leaving « = g independent of m. A heavier object experiences a pro-
portionally larger gravitational force, but also has a proportionally larger inertia resisting acceleration
- the two effects cancel perfectly.

In this course, free-fall problems are idealised by neglecting air resistance, so a = g exactly,
for the entire fall. In reality, air resistance grows with speed and eventually balances gravity, so a
real falling object (a skydiver, a raindrop) stops accelerating and reaches a constant terminal velocity;
the idealised constant-g treatment developed here is an excellent approximation only for reasonably
dense objects falling over modest distances.
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Vertical motion under gravity (up positive, a = —g, g = 9.81 m/s?):

2
w @ 2u
t = — H = % Tﬂight (same level) — ;

The acceleration is —g at every instant of the flight, including at the highest point, where v = 0.

. GIAI THICH TIENG VIET

Tai diém cao nhat cia quy dao ném thang dirng, van téc v = 0 nhung gia téc van la g ~
9.81m/s? huéng xudng - trong luc khéng hé "bi€én mat” chi vi vat dang dirng yén tirc thoi.
Day 1a ly do vat roi tu do ludn cé6 do thi v-t [a mot dudng thang cé dd déc khong ddi, ké ca khi
di qua diém v = 0.

(1) L6i thuong gap: Lbi rat phé bién: cho rang a = 0 tai diém cao nhat vi v = 0 & d6. Van téc
bang O chi 1a mot thoi diém tire thoi vat déi chiéu chuyén dong; gia téc trong trudng van tac
dung lién tuc va khéng déi trong sudt chuyén bay.

Vi du mAu - Ball thrown vertically upward

A ball is thrown vertically upward from ground level at 15m/s. Find (a) the time to reach
maximum height, (b) the maximum height, and (c) the total time of flight before it returns to
the ground.

15
(a)tungzﬁz-

(b)H_uj_ 152 225 _[1i5m]
29 2(9.81) 19.62 ———
@©T = 2tup = '

1.1.5 Projectile Motion

Independence of horizontal and vertical motion

In projectile motion (no air resistance), the horizontal and vertical components of the motion
are completely independent of one another, except that they share the same elapsed time
t. Horizontally there is no horizontal force, so the horizontal velocity component is constant
throughout the flight (a,, = 0). Vertically, the only force is gravity, so the vertical component
undergoes constant acceleration a, = —g (up positive), exactly as in one-dimensional free fall.
Each component can therefore be analysed with ordinary SUVAT equations applied separately,
linked only through t.

Horizontal launch. An object launched horizontally with speed u from height h above level
ground has purely vertical initial motion in the falling sense: it falls under gravity exactly as if dropped
from rest, so h = %gt2 = t = +/2h/g - the time of flight is set entirely by the vertical drop, inde-
pendent of u. Horizontally, the speed stays at u throughout, so the range is x = ut = u+/2h/g.

Quick check: a ball rolls off a table 1 = 20 m high with horizontal speed « = 15m/s. Time to land:
t = 1/2(20)/9.81 = 2.02s; horizontal range: = = 15(2.02) = 30.3m.

Angled launch. Now launch at speed u, angle 6 above the horizontal, from level ground (landing
at the same height). Components: u,, = u cos# (constant throughout), u, = using (initial vertical
component). The vertical position at time ¢ is

y(t) =usinft — Lgt2.
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oy si
Time of flight: setting y = 0 (besides the trivial t = 0): ¢ (using — 1gt) =0 = T = usin 9.
g

, using 2 sin @ cos 6 = sin 26.

2usind  2u?sinfcosd 2sin 20
Range: R = v, T = ucos#d - “ - =

usiné

Maximum height: occursatt =7 /2 = (the midpoint of the symmetric flight). Substituting
into y(¢):

H =wusing-

g 29 29

using 1 (usin 9)2 w?sin®f  w?sin®f w?sin’é
JR— 79 = .
g 2 g

Projectile launched at angle 6 from level ground, speed u:
u,, = u cos # (constant) u,, = usin 6 (initial)

_ 2using . u2 sin 20 u? sin’ @

T

9 9 29
Range is maximised (for a given u) at 8 = 45°, since sin 260 peaks at 20 = 90°. Two complemen-
tary angles (6 and 90° — 0) give the same range but different flight times and heights.

. . . 400 sin 60°
Quick check (complementary angles): for u = 20 m/s, launching at § = 30° gives R = % =
400(0. 400sin120°  400(0.!
400(0.8660) = 35.3m; launching at § = 60° = 90° — 30° gives R = 00sin 1207 _ 00(;)88166@ =

35.3m as well (since sin 120° = sin 60°) - identical ranges, even though the 60° launch spends longer
in the air and reaches a greater height.

Y

apex: v, =0

u
YA

launch |
|
|
|
|
A\
v

Iaééﬁng

Parabolic trajectory of a projectile launched at angle 6. The horizontal velocity component stays constant throughout
the flight; the vertical component decreases to zero at the apex, then grows in magnitude (downward) until landing.

Vi du mau - Angled projectile launch

A ball is launched at 30m/s at 40° above the horizontal from level ground. Find the time of
flight, the range, and the maximum height.

sin40° = 0.6428, cos40° = 0.7660, sin 80° = 0.9848.
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_ 2using  2(30)(0.6428)  38.57

T = = =13.93s
g 9.81 9.81
2sin20  900(0.9848 886.3

R o uisin20 _ 900( ) _ —[90.4m
g 9.81 9.81
u?sin®g  900(0.4132)  371.9

- — = =[19.0m|

2g 19.62 19.62 -

. GIAI THICH TIENG VIET

Vi bai todn ném xién tir mat dat bang phang (diém roi cung do cao diém ném), ba cong thirc
T = 2usnt p — wlsind g — wS06 chi ding khi diém roi ciing dd cao v6i diém phong.
NéEu vat roi xuéng mot do cao khac (vi du ném tir mai nha), phai quay lai phvong trinh y(t) =
usinft— %th va giai cho t (rng vai d6 cao thuc té - khong duoc dp dung may mdc cong thirc
T hay R & trén.

(1) L6i thueng gap: Thoi gian bay (d6i v&i phong ngang hodc phéng xién roi cung dd cao) chi
phu thudc vao thanh phan van téc theo phuong thiang dirng va g - khong phu thudc vao téc
d6 ngang u,. Hai vat duoc tha tir cing d6 cao, mot vat dirng yén va mot vat duwoc ném ngang,
sé cham dat cung ltc néu bd qua strc can khong khi.

1.1.6 Uniform Circular Motion: Kinematics

An object moving at constant speed around a circle of radius r is in uniform circular motion. Although
the speed is constant, the velocity is not, because its direction continuously changes - so the object
is accelerating even though |v| never changes.

. . . . 1, .
Period T is the time for one complete revolution. Frequency [ = T is the number of revolutions

per unit time (Sl unit hertz, Hz). Angular velocity w is the rate of change of angular position, in rad/s:

2 . . . ..
w= % = 2xf, since one full revolution sweeps out an angle of 27 radians in time 7.

Angular quantities in this course are always expressed in radians, not degrees: one full revolution
is 2 radians (~ 6.283 rad), and the simple relation s = 6 (arc length = radius x angle) is only valid
when @ is measured in radians - this is, in fact, the defining property of the radian as a unit of angle.
Calculators must be kept in radian mode throughout circular motion and rotational dynamics work.

The angular displacement 0 (in radians) swept out by the radius line is related to the arc length
travelled, s, along the circle by s = rf. Dividing both sides by the time taken gives the linear (tan-
gential) speed in terms of angular velocity: v = rw - the arc length swept per second, scaled by the

radius. Combined with w = 27/T, this gives v = Q—;T (circumference divided by period).

Because the velocity vector’s direction is always tangent to the circle while its magnitude stays
constant, the velocity vector itself rotates at angular rate w - and a rotating constant-magnitude
vector has an associated centripetal acceleration directed toward the centre:

(the two forms are equivalent since v = wr). This acceleration exists purely because the direction of
v is changing; it says nothing yet about what force causes it - that is the subject of Section A.2.

Uniform circular motion, radius r:

f=

vV=wr=— a, = — = w?r (directed toward the centre)
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v (tangential)

a,, (toward centre)’

/
¢
centre

In uniform circular motion the velocity v is always tangent to the circle, while the centripetal acceleration a, = v2/r
points radially inward, toward the centre. Because a ., is always perpendicular to v, it changes the direction of the
velocity but never its magnitude.

GIAI THICH TIENG VIET
Trong chuyén déng tron déu, téc dd khong doéi nhung vector van téc thi ludn déi hudng, nén
van co gia téc - goi 1a gia téc hudng tdm a, = v?/r = w?r, ludn chi vao tam dudng tron. Dirng
nham "chuyén déng déu” (t6c dd khéng déi) vai "khéng co gia toc” - day 1a hai khai niém khac
nhau khi quy dao la duong cong.

Vi du miu - Centripetal acceleration of a wheel

A point on the rim of a wheel of radius 0.50 m completes one revolution every 2.0s. Find the
frequency, angular velocity, linear speed, and centripetal acceleration.

1 1 2 2w
f=7=5p=(00He} w=7 =55 =[31rad/s}
v = wr = 3.14(0.50) :.

2 1. 2 .
a, = — = 05570 =4.93m/s? | (check: w?r = 3.142(0.50) = 4.93m/s’, consistent).
T .

(&

1.2 A.2 Forces, Momentum and Gravitation

1.2.1 Newton’s Laws of Motion and Free-Body Diagrams

Isaac Newton published all three laws of motion together with the law of universal gravitation (Sec-
tion A.2.5) in his Philosophiae Naturalis Principia Mathematica (1687), unifying, for the first time, the
motion of falling objects on Earth and the motion of the planets under a single mathematical frame-
work.

Newton’s First Law (law of inertia): an object remains at rest, or continues moving with constant
velocity in a straight line, unless acted on by a net (unbalanced) external force. A net force is required
to change an object’s velocity, not to sustain it.

Newton's Second Law: the net force on an object equals the rate of change of its momentum;
for constant mass this reduces to

Fret = ma.
The acceleration produced is proportional to the net force, inversely proportional to the mass, and
points in the same direction as the net force.

Newton'’s Third Law: whenever object A exerts a force on object B, object B exerts an equal-
magnitude, oppositely-directed force on object A, along the same line of action. These two forces act
on different objects, at the same instant, and are always the same type of force - they never cancel
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each other, because they act on different bodies. Everyday examples: a swimmer pushes water
backward, and the water pushes the swimmer forward; a rocket expels exhaust gas downward at
high speed, and the gas pushes the rocket upward; a person walking pushes backward on the ground
with their foot, and the ground pushes them forward.

A free-body diagram isolates a single object and draws every external force acting on it as an
arrow from the object, with length roughly proportional to magnitude. Common forces:

e Weight W = mg, always vertically downward (toward the centre of the planet).
e Normal force N, perpendicular to the contact surface, pushing away from it.
¢ Tension T, along a string/rope/cable, pulling away from the object along the line of the string.

e Staticfriction f, < ;i N: opposes the tendency of relative sliding between surfaces not yet sliding,
adjusting its magnitude up to a maximum of p N.

¢ Kinetic friction f, = 1, N: acts once surfaces are sliding, opposing the relative sliding motion,
with (essentially) constant magnitude 1, NV (typically p;, < u,, so friction "lets go” slightly once
motion begins).

e Hooke's law (springs): F = —kx, where z is the displacement of the spring from its natural length
and k is the spring constant (N/m); the minus sign shows the spring force always opposes the
displacement - a restoring force.

Typical friction coefficients between common material pairs (approximate, for reference):

Surfaces e My

Rubber on dry concrete 1.0 0.7
Steel on steel 06 04
Wood on wood 0.5 0.3
Ice onice 0.1 0.03

Mass and weight are not the same quantity. Mass m (kg) is an intrinsic property of an object
- the amount of matter it contains, and its resistance to acceleration - and does not change with
location. Weight W = mg (N) is a force, specifically the gravitational pull on that mass, and depends
on the local gravitational field strength g; the same object weighs less on the Moon (smaller g) despite
having the same mass everywhere.

Istlaw: Floy =0 < ¥ =constant  2ndlaw: F,,, =ma  3rdlaw: Fy .53 = —Fp .4

W = mg fs S /J’SN fk = iukN FSDring = —k‘l‘

\
mg cos 6 mg

Free-body diagram of a block on a rough incline of angle 6. The weight mg resolves into mg sin 6 (along the slope) and
mg cos @ (perpendicular, into the slope). The normal force N balances mg cos 6; kinetic friction f = p, N acts up the
slope when the block slides down.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 17



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

General strategy for force problems

1. Choose the object of interest and sketch a free-body diagram showing every external force
acting on that object only (never draw a force an object exerts on something else).

2. Choose a convenient coordinate system - for problems on an incline, it is almost always
easiest to align one axis along the slope and the other perpendicular to it.

3. Resolve every force into components along the chosen axes.

4. Apply >~ F = ma separately along each axis (with a = 0 along any axis on which the object
does not accelerate).

- GIAI THICH TIENG VIET
Bon budéc lam bai toan luc: (1) chon vat can phan tich va vé so do luc tu do; (2) liét ké moi luc
tac dung |én vat dé (trong luc, phan luc, luwc cdng, ma sat, lwc dan haéi...); (3) chon hé truc toa do
(thudng doc/vudng gbc mat phang nghiéng néu cé mit nghiéng); (4) 4p dung > F = ma theo
tirng truc. V&i mit phang nghiéng, ludn phan tich trong luc mg thanh hai thanh phan: mgsin 6
doc mat nghiéng va mg cos # vuéng géc mat nghiéng.

(!) L6i thuong gap: Trong luc mg tac dung 1én vat va phan luc phap tuyén N tir mit ban khéng
phai 13 moét cdp luwc-phan luc theo Dinh luat 3 Newton, du ching thudng bang nhau vé do 16n
khi vat dirng yén trén mat phang ngang. Cip luc-phan lyc that su clia mg 13 luc hap dan ma
vat tdc dung nguoc lai 1én Trai Dat; cap luc-phan luc cha NV 13 lwc ma vat tdc dung xudng mat
ban. Hai luc trong m6t cap Dinh luat 3 luén tac dung Ién hai vat khac nhau, khéng bao gio
triét tiéu nhau trén cung mot vat.

Vi du miu - Block on a rough incline

A 5.0kg block slides down a 30° incline with p;,, = 0.20. Find the normal force and the block’s
acceleration.

N =mgcosf = 5.0(9.81)(0.8660) = |42.5N |

Along the slope: mgsin0—pu, N = ma = a = g(sinf—pu,; cos ) = 9.81(0.500—0.20 x 0.8660)
= 9.81(0.500 — 0.1732) = 9.81(0.3268) = | 3.21 m/s? | down the slope.

Vi du mau - Apparent weight in a lift

A person of mass 70 kg stands on a weighing scale inside a lift (elevator) that is accelerating
upward at 2.0 m/s?. Find the scale reading.

The scale reading equals the normal force N it exerts upward on the person. Applying F, .. =
ma (up positive): N —mg =ma — N =m(g+a) = 70(9.81 +2.0) = 70(11.81) = [827N|,
This exceeds the person’s true weight (mg = 687 N) - the scale reads a larger "apparent weight”
whenever the lift accelerates upward; it would read less than myg if the lift accelerated down-
ward, and exactly mg if the lift moved at constant velocity (or was stationary).

GIAI THICH TIENG VIET
Trong lugng bi€u kién” (apparent weight) 1a sé chi trén can, chinh la do I6n phan luc N ma
mat can tac dung lén ngudi - khdng phai lic ndo cling bang trong luong that mg. Khi thang
may tang toc di lén, N > mg (cam gidc nang hon); khi tang toc di xuéng, N < mg (cdm giac

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 18



859%9 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

nhe hon); néu thang may roi tu do, N = 0 - trang thai "khéng trong lugng” bi€u kién, du trong
luc that van tac dung binh thuong.

Many problems involve two or more objects connected by a light, inextensible string, so the
objects share a common acceleration magnitude even though they may move in different directions
(e.g. one up, one down, linked over a pulley). The standard technique: write Newton'’s second law
separately for each object, choosing for each object a positive direction that matches the direction
it actually accelerates, then combine (typically add) the two equations to eliminate the unknown
tension.

Vi du miu - Atwood machine (connected masses)

Two blocks, m; = 3.0kg and m, = 5.0kg, are connected by a light inextensible string over a
light, frictionless pulley. Find the acceleration of the system and the tension in the string.

Since m, > m;, block 2 accelerates downward and block 1 accelerates upward, both with the
same magnitude a.

Block 2 (down positive): myg — T = mya.

Block 1 (up positive): T'— m,g = m;a.

Adding the two equations eliminates 7: m,g — m;g = (m; + my)a = a = (my —my)g =

mq + My
.0—3.0)(9.81
(50 Zg)<98): 2.45m/s?|.

Substituting back: T = m;(g + a) = 3.0(9.81 + 2.45) = [36.8N |(check: T = my(g — a) =
5.0(9.81 — 2.45) = 36.8 N, consistent).

GIAI THICH TIENG VIET
V6i hé hai vat néi bang day qua rong roc (Atwood machine), meo giai nhanh: viét dinh luat 2
Newton cho tirng vat riéng biét, chon chiéu duong 1a chiéu vat dé thuc sw chuyén déng, roi
cong hai phuong trinh lai dé triét tiéu luc cang day T (an s6 chung). Céng thirc nhanh cho gia
(my —my)g

téc khimy > my: a =
myq + My

1.2.2 Momentum and Impulse

Linear momentum p = m4 is a vector, same direction as velocity, Sl unit kg - m/s (equivalently N s).
Newton'’s second law in its most general form is stated in terms of momentum:

. dp
net — at’
. = q . . dp dv .
which reduces to F,,; = ma whenever mass is constant, since then 5 = Mg = ma. The mo-

mentum form is more general because it also correctly describes situations of changing mass (e.g. a
rocket burning fuel), beyond the reach of a fixed-mass formula.

Impulse .J is the product of a (possibly time-varying) net force and the time interval over which
it acts; for a constant force, J = F' At. Rearranging the momentum form of Newton’s second law
over a finite interval gives the impulse-momentum theorem:

J = Fpot At = Ap = mi; —md,.

This is especially useful when a force varies rapidly and unpredictably over a short contact time (a bat
hitting a ball, an airbag inflating): the theorem gives the average force from the momentum change
without needing the detailed force-time curve, and vice versa.
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. . dp
p=mv J=FAt=Ap Fnet:d—];
A large momentum change delivered over a longer contact time requires a smaller average force
(and vice versa) - the physics behind airbags, crumple zones, and bending your knees on land-

ing.

The same principle works in reverse when a larger force is desired for a given momentum change:
a golfer or tennis player "follows through” on a swing, keeping the club or racket in contact with
the ball for as long as possible, which - for a required change in the ball's momentum - actually
corresponds to extending the contact time to maximise the impulse delivered within the swing’s
available force, rather than minimising it; a boxer, by contrast, tries to "ride” a punch (increasing the
time over which their head decelerates it) specifically to reduce the peak force experienced.

GIAI THICH TIENG VIET

inh ly xung luong - dong luwong J = FAt = Ap giai thich vi sao kéo dai thoi gian va cham
(tai khi, dém, gap goi khi tiép dat) [am giam luc trung binh tac dung l1én co thé véi cing mét do
bién thién dong lugng Ap. Day la nguyén ly an toan c6t 16i trong thiét ké 6 t6 va cdc mén thé
thao.

Vi du mau - Impulse from a bouncing ball

A 0.50 kg ball hits a wall at 20m/s and bounces straight back at 15m/s. The contact time is
0.010s. Find the average force exerted by the wall on the ball.

Taking the incoming direction as positive: Ap = m(v; —v;) = 0.50(—15 — 20) = 0.50(—35) =
—17.5kg-m/s.

A 17. .
Fog = ’AZZ| = 037150 =|1750 N |, directed away from the wall.

Impulse is a vector, so when a collision is not head-on, only the velocity component perpendic-
ular to the contact surface is affected by an idealised (frictionless, elastic) bounce - the component
parallel to the surface is unchanged.

Vi du mau - Impulse from an angled bounce

A 0.20 kg ball strikes a smooth wall at 10 m/s, at 45° to the wall’s normal, and rebounds elasti-
cally at the same speed and angle (angle of reflection = angle of incidence). Find the impulse
delivered to the ball by the wall.

Only the component of velocity perpendicular to the wall reverses; the component parallel to
the wall is unchanged, so the impulse is purely perpendicular to the wall.

Perpendicular component of velocity: v, = 10cos45° = 7.07m/s, reversing from +7.07 to
—7.07m/s.

J=Ap, =m(vs, —v; ) = 0.20(~7.07—7.07) = 0.20(—14.14) = | —2.83N - 5], i.e. magnitude

2.83N - s, directed straight out of the wall (along the normal).

1.2.3 Conservation of Momentum and Collisions

For an isolated system (no net external force), Newton'’s third law guarantees that the internal forces
between colliding objects come in equal-and-opposite pairs acting over the same time interval, so
their impulses cancel exactly. The total momentum of the system is therefore unchanged by the
collision:

Ptotal, before = Ptotal, after I.€. MUy + Mollg = MV + Moy (tWO'bOdy’ 1D)'
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This law of conservation of momentum holds regardless of what kind of collision occurs - momen-
tum conservation does not require kinetic energy to be conserved. Momentum conservation is, in
fact, one of the most fundamental principles in all of physics: unlike F},.; = ma in its simplest form,
it continues to hold even in the relativistic and quantum-mechanical regimes explored later in this
course (Section A.5, and in later themes), provided momentum itself is defined appropriately in each
setting.
Collisions are classified by what happens to kinetic energy:
e Elastic collision: both momentum and total kinetic energy are conserved (approximately true for
very hard objects, and essentially exact at the atomic/molecular scale).

¢ Inelastic collision: momentum is conserved but total kinetic energy is not (some KE converts to
heat, sound, deformation).

¢ Perfectly inelastic collision: the objects stick together and move with a common final velocity -
the case in which the maximum possible kinetic energy, consistent with momentum conservation,
is lost.

Deriving the elastic-collision formulas (two bodies, 1D, masses m,, m,, initial velocities u, us):
conserve momentum and kinetic energy simultaneously,

1 2 1 2 1 2 1 2
mlul + m2U2 = mlvl + m2'027 §m1u1 + §m2’u2 == §m1/l)1 + §m2v2.
Solving this pair of simultaneous equations (factor the energy equation as a difference of squares
and divide by the momentum equation) yields
m;—m 2m 2m My — M
1 2u 2 1 2 1 U

1+ Ug, Uy = Uy
my + Mgy my + My my + My my + My

/Ul == 2-
Two useful limiting cases: if m; = m, (equal masses), these formulas reduce to v; = u, and v, = u, -
the two objects simply exchange velocities. If m, > m, (a light object bouncing off a much heavier,
effectively immovable one - a ball bouncing off a wall, for instance), v; — —u, (the light object
reverses direction, essentially undisturbed in speed) and v, — 0 (the heavy object barely moves).

Momentum conservation (isolated system): > ppetore = O Patter-
Elastic collision (1D, two bodies):

m; — My 2my 2my My — My

Ul = Ul + U2 'U2 =
mq + moy mq + meo

Uq + Uog
mq + moy myq + me

q q a5 mqUy + Myl
Perfectly inelastic collision: v, men = ———————2.
my + My

. GIAI THICH TIENG VIET

Dong lugng ludn bao toan trong hé kin, bat k& va cham loai gi. Déng ning chi bdo toan trong

va cham dan héi. Vi va cham mém (dinh vao nhau), dung cong thic van téc chung v =

M roi so sdnh déng nang trudc/sau dé tim phan nang lwong da chuyén hoa thanh
my + My

nhiét, am thanh, bién dang.

(1) L6i thueng gap: Dinh luat bao toan dong luwong ludn ding cho hé kin, nhung ddng ning
chi bao toan trong va cham dan héi. Hoc sinh thudng mac dinh ca hai dai lwvong déu bao toan
trong moi va cham - day la 16i sai nghiém trong. V&i va cham mém (perfectly inelastic), dong
nang bi mat |3 I&n nhat cé thé trong khi van thoa man bao toan déng luong.
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Momentum conservation also governs the reverse process: an explosion or recoil, in which a
single object initially at rest separates into two (or more) fragments that fly apart. Kinetic energy
increases in this process (drawn from a store of chemical, elastic, or nuclear energy released in the
separation), but momentum is still conserved. Since the total momentum before the explosion is
zero, the fragments must fly apart with equal and opposite momenta: m,v; = —myv,.

Quick check: a 2.0 kg object at rest splits into two fragments, of mass 0.50 kg and 1.5 kg. If the
lighter fragment moves off at 12m/s, the heavier fragment must move in exactly the opposite direc-
0.50(12)

1.5

Vi du mau - Elastic collision of two carts

Cart 1 (2.0 kg, moving at 6.0 m/s) collides elastically with stationary cart 2 (4.0kg). Find both
final velocities and verify momentum and kinetic energy are conserved.

_my—my  2—4 _ ) _ 2my 4 B
n= e = g (60)=[220m/s} v, = Z=E = 5(60) =|40m/s}

Momentum: before = 2.0(6.0) = 12kg-m/s; after = 2.0(—2.0) + 4.0(4.0) = —4 + 16 =
12kg - m/s - conserved.

Kinetic energy: before = 1(2.0)(6.0)> = 36 J; after = 1(2.0)(2.0)*+
- also conserved, as required for an elastic collision.

Vi du mAu - Perfectly inelastic collision

The same two carts as above (cart 1: 2.0 kg at 6.0 m/s; cart 2: 4.0 kg at rest) instead collide and
stick together. Find their common final velocity and the kinetic energy lost.

MUy + Mol 12
=11 22_ = _120m/s|
U e T 60
K Epetore = 36J (as above). KE ., = 1(6.0)(2.0)? = 12J.

Kinetic energy lost = 36 — 12 = (66.7 % of the initial kinetic energy), converted to heat,
sound and deformation.

tion, at v = = 4.0m/s, so that the total momentum remains zero.

1(4.0)(4.0) = 4+32 =36

1.2.4 Circular Motion Dynamics

Section A.1 showed that any object moving on a circular path at constant speed has a centripetal
acceleration a, = v?/r directed toward the centre. By Newton’s second law, this acceleration must
be produced by a net force of matching magnitude and direction - the centripetal force:

mv2

Fnet:mac = T

"Centripetal force” is not a new, separate type of force; it is simply the name given to whichever
combination of familiar forces (tension, gravity, friction, normal force) happens to supply the net
inward force required for circular motion in a given situation. In every circular-motion problem, the
first step is to identify which physical force(s) play this role:

e Conical pendulum: the horizontal component of the string tension supplies the centripetal force,
while the vertical component supports the weight.

e Car on a flat curve: friction between tyres and road supplies the centripetal force.

¢ Banked curve (frictionless): the horizontal component of the normal force supplies the centripetal
force.

¢ Satellite in orbit: gravity itself supplies the entire centripetal force (Section A.2.5).
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2
muv 2

F,ot = — = mw®r (directed toward the centre of the circular path)
r

This net force is supplied by ordinary forces already present - never add an extra "centrifugal
force” arrow to a free-body diagram written in an inertial (non-rotating) frame.

Conical pendulum: the bob moves in a horizontal circle of radius » while the string sweeps out a cone of half-angle 6.
The vertical component of tension T cos 8 supports the weight mg; the horizontal component T sin 6 supplies the
centripetal force.

(1) Loi thueng gap: Trong chuyén dong tron khéng ndm ngang (vi du vong 13p thang dirng -
loop-the-loop), hudng "vao tam” thay déi lién tuc quanh quy dao: & day vong l3p, tdm nam
phia trén nén luc hudng tam hudéng 1én; & dinh vong 13p, tAm nam phia dudi nén luc hudng
tam hudng xudng. Vi vy, phuong trinh F, ., = mov?/r phai dugc viét lai (dau cac luc thanh
phan) tai tirng vi tri cu thé trén quy dao - khéng dung chung mot phuong trinh cho moi diém.

GIAI THICH TIENG VIET

uwc hudng tdm” khong phai mét loai luc méi, ma la tén goi cho hop luc (net force) hudng vao
tam quy dao tron - hop luc nay ludn do cac luvc quen thudc (luwc cang day, trong luc, ma sat,
phan luc) tao thanh, tuy tirng bai toan cu thé. Budc dau tién khi giai bai toan chuyén dong tron
ludn 14 xac dinh luc nao (hodc thanh phan nao cta luc nao) déng vai trd cung cap luc hudng
tam.

Vi du mAu - Conical pendulum

A 0.20 kg bob on a string of length 0.50 m moves in a horizontal circle, with the string making
a constant angle of 20° with the vertical. Find the tension in the string, the speed of the bob,
and the period of the motion.

. mg  0.20(9.81)  1.962
Vi lly: T = T= = = =|2.09N|
ertically: T'cos =mg = cosf  cos20°  0.9397
Radius of the circle: »r = L siQ f =0.50sin20° = 0.171 m.

Horizontally: T'sinf = @ = v = /rgtand = /0.171(9.81)(0.3640) = 1/0.6106 =

0.781m/s |
. 2 2m(0.171)
Period: Tperiod = T = W = '
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1.2.5 Newton’s Law of Gravitation and Orbital Motion

Newton's law of universal gravitation states that every pair of point masses attracts each other with

a force
Gmymy,

F:

rz

directed along the line joining them, where G = 6.67 x 10~'' N - m? /kg? is the universal gravitational
constant and r is the centre-to-centre separation. The force is always attractive, and by Newton's
third law each mass pulls on the other with equal magnitude.

For a uniform sphere of mass M (such as a planet), the gravitational force it exerts on an external

mass is the same as if all of M were concentrated at its centre. A mass m at the surface (distance
Mm
R2

familiar weight expression F' = myg gives the gravitational field strength at the surface:

R, the planet’s radius, from the centre) therefore experiences F' = . Comparing this with the

GMm GM
= — i

mg R2

(6.67 x 1071)(6.42 x 10%*)
(3.39 x 106)2 B

Quick check (Mars): M = 6.42 x 10%3kg, R = 3.39 x 10°m: ¢ =

4.282 x 10*3 )
1149 x 1018~ 373M/S%

Because real planets are not perfectly uniform spheres (Earth, for instance, bulges slightly at
the equator and spins on its axis), the measured value of ¢ varies slightly by location - from about
9.78 m/s? at the equator to about 9.83 m/s? at the poles. Throughout this course, the single standard
value g = 9.81 m/s? is used for all Earth-based calculations unless stated otherwise.

Part of this equator-to-pole variation is purely geometric (Earth’s equatorial bulge places the
equator’s surface slightly farther from the planet’s centre than the poles are), but part is dynamical,
connecting directly back to Section A.2.4: an object standing at the equator is undergoing circular
motion as Earth rotates, and so requires a small net centripetal force directed toward Earth’s axis.
Part of the true gravitational force is "used up” supplying this centripetal requirement, leaving a
smaller measured (apparent) weight than at the poles, where an object on the rotation axis needs no
centripetal force at all.

For a satellite of mass m in a circular orbit of radius r around a planet of mass M, gravity supplies
the entire centripetal force:

GMm  mv? GM

= = U=/ —.
T T

,
Orbital speed depends only on M and r, not on the orbiting mass m at all. Since v = 27r/T,

2mr GM r3 472
- — - T =2 . T2 —_ - 3.
T Vo = “Nam G

Because 472 /G M is the same constant for every satellite orbiting the same central body, this is
exactly Kepler’s third law: 7?2 3.

() L6i thuong gap: Dirng nham lan g (chir thuong) véi G (chir hoa). ¢ ~ 9.81m/s? | gia
téc trong trudng tai mét vi tri cu thé (phu thudc vao hanh tinh va dé cao), con G = 6.67 x
10~ N - m? /kg? 1a hang s6 hap dan - mot hang s6 phé quat, giéng nhau & moi nai trong vii
tru. Hai dai lugng nay cé don vi hoan toan khac nhau va khéng dugc hoan déi cho nhau.

Johannes Kepler first found this relationship empirically around 1619, from decades of planetary

position data, long before Newton showed (in 1687) that it follows directly from the inverse-square
law of gravitation combined with circular (or, more generally, elliptical) orbital motion.
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Newton’s law of gravitation has predictive power well beyond describing already-known orbits:
in 1846, astronomers Urbain Le Verrier and John Couch Adams independently used small, unex-
plained deviations in the observed orbit of Uranus to calculate - purely from Newtonian gravita-
tion - the mass and position of an unseen, more distant planet whose gravity was perturbing it.
Telescopes were pointed at the predicted location, and Neptune was found almost exactly there, a
striking confirmation of the theory’s predictive accuracy.

Why astronauts in orbit appear "weightless”

A common misconception is that astronauts aboard the International Space Station (orbiting
at an altitude of only a few hundred kilometres) are weightless because "there is no gravity
in space”. This is false: at that altitude, Earth’s gravitational field strength is still about 90%
of its surface value. The astronauts and their spacecraft are in fact continuously accelerating
toward Earth at essentially this same rate - they are in a state of continuous free fall, orbiting
rather than falling straight down only because of their large tangential velocity. Because the
astronauts and everything around them (including any object they release) fall together at the
same rate, there is no relative acceleration between an astronaut and the cabin - producing
the sensation, and appearance, of weightlessness, even though real gravity is very much still
acting.

Gmymy GM
F = 2 9="p2 (surface)
GM 3
Yorbit = \/ — T'=2n (;niM T? o< r3 (Kepler IIl)

. GIAI THICH TIENG VIET

Cong thirc ¢ = GM /R? cho biét gia toc trong trudng bé mat phu thudc vao khéi lugng va ban
kinh hanh tinh, khéng chi khéi lvgng - day la ly do cac hanh tinh khac nhau cé g khac Trai Dat
du khéi lugng cé thé tuong duong. Véi quy dao tron, toc do quy dao v = /G M /r khéng phu
thudc khéi luong vé tinh m - vé tinh nhe hay nang & cung ban kinh quy dao déu bay véi cung
toc do.

Vi du mAu - Satellite in low orbit

A satellite orbits Earth (M = 5.97 x 10%*kg, R = 6.37 x 10%m) at an altitude of 300 km. Find
its orbital speed and period.

Orbital radius: r = R+ h = 6.37 x 10% + 0.30 x 10° = 6.67 x 10°m
(6.67 x 10711)(5.97 x 10%%) = 3.982 x 1014 m3/s2.

GM 3.982 x 1014
— = /5. 107 = | 7. 103 ~ T7.73k )
v = \/ \/667><106 5.970 x 10 7.73 x 10°m/s|~ 7.73km/s

\ ar 2967 > 107 _
= - — 5 = — 3 ~ . i .
T=2r G 27 3089 < 1014 27V'7.45 x 10° = 27(863) = |5.43 x 10° s | ~ 90.4 min

1.3 A.3 Work, Energy and Power

1.3.1 Work Done by a Force

In physics, work has a precise, narrower meaning than in everyday language: a force does work
on an object only while that object is displaced, and only the component of the force along the
displacement contributes. For a constant force I’ acting while the object undergoes displacement d,
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with 6 the angle between the force and displacement directions,
W = Fdcos?®.

Work is a scalar (Sl unit joule, 1J = 1N - m), and it can be positive (the force has a component along
the motion - energy transferred to the object), negative (the force opposes the motion - energy
transferred away from the object), or zero (the force is perpendicular to the motion, § = 90°).

Two important zero-work cases: the normal force NV on an object moving along a surface is
always perpendicular to the displacement, so it never does work; likewise static friction on an object
not sliding relative to a surface does no work on the system as a whole, since there is no relative
sliding, hence no dissipation. Kinetic friction, by contrast, always opposes the relative sliding motion
and so always does negative work on the sliding object, converting mechanical energy into heat (and
some sound).

<
<

Y

A force F applied at angle 6 above the direction of displacement d. Only the component F' cos 6, parallel to the
displacement, does work: W = F'd cos 6. The perpendicular component F sin 8 does no work.

W = Fdcos6

0 = 0°: W = Fd (maximum, force along the motion). 8 = 90°: W = 0 (force perpendicular
to motion - true for N always, and for the centripetal force in circular motion). 8 = 180°:
W = —Fd (force directly opposes motion, e.g. kinetic friction).

- GIAI THICH TIENG VIET
Céng chi duoc sinh ra bai thanh phan luc doc theo phuong dich chuyén. Phan luc phap tuyén
N khéng bao gi¢ sinh cong khi vat truot doc bé mat vi luén vuéng goc véi chuyén déng; luc
cang day trong chuyén déng tron déu cling khdng sinh cong vi ludn vuéng goc vai van téc tire
thoi. Ma sat truot thi ludn sinh cdng am, chuyén co nang thanh nhiét.

(1) L6i thuong gap: Phan luc phap tuyén N khong bao gio' sinh cong |én vat truot doc theo mot
mat phang, vi N luén vuéng géc véi phuong chuyén dong - ké ca khi mat phang dé nghiéng
hay cong. Dirng nham diéu nay va&i ma sat: ma sat trugt (kinetic friction) ludn sinh céng am vi
né luén nguoc chiéu chuyén déng tuong doi.

Vi du mau - Work done pulling a crate

A crate is pulled 8.0 m across a floor by a rope with tension 50 N, held at 30° above the hori-
zontal. Find the work done by the tension.

W = Fdcosf = 50(8.0) cos 30° = 400(0.8660) = | 346 J |

1.3.2 The Work-Energy Theorem

Kinetic energy KFE = %mv2 is the energy an object possesses because of its motion. Starting from
Newton’s second law for a constant net force along the direction of motion, F,.; = ma, and using
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v? = u? + 2as (s0 as = (v? —u?)):

m(v? —u?) = %mv? — 3mv? = AKE.

_ _ _ 1
Wiet = Fret s = mas = 5

This is the work-energy theorem: the net work done by all forces acting on an object equals its
change in kinetic energy. It holds even when the net force is not constant, and provides an alterna-
tive to SUVAT for many force-and-motion problems, especially when the force varies, or when only
speeds - not detailed accelerations - are required.

Wiet = AKE = fmvfc — imo?

. GIAI THICH TIENG VIET
Dinh ly cong - dong nang cho phép tinh téc do cudi cung cua vat ma khdng can biét chi tiét

vé gia tdc hay thai gian - chi can téng céng cua tat ca cac luc. Pay |3 cong cu rat manh khi luc
thay doéi doc duong di (vi du luc ma sat trén doan dudng gé ghé, hay luc dan hoi cua 1o xo).

Vi du miu - Work-energy theorem

A 3.0 kg object moving at 2.0m/s is acted on by a net force of 12N parallel to its motion over
a distance of 5.0 m. Find its final speed

Wit = Fd = 12(5.0) = 60J. KE, = )(2.0)2 = 6.0). KE; = KE; AW, = 6.04+60 = 66J.

2KE 2(66)
f
=1/ =1\/—== 30 = 4_ 663m/s

1.3.3 Potential Energy

Potential energy is stored energy associated with an object’s position or configuration, available to
be converted into kinetic energy (or other forms) by a conservative force - one for which the work
done moving between two points does not depend on the path taken (gravity and the ideal spring
force are both conservative; kinetic friction is not). For example, the work done by gravity raising an
object from the ground to a height h is —mgh regardless of whether the object travels straight up,
along a zigzag ramp, or by any other route between the same two heights - only the net change in
height matters. Kinetic friction has no such property: sliding an object twice as far (even between
the same start and end points, via a longer path) does twice the (negative) work, so friction cannot
be assigned a potential energy.

Gravitational potential energy (near a planet’s surface, where g is essentially uniform over the
height range considered): choosing a reference height where PE = 0,

PEg,, = mgh,

where h is the height above the chosen reference level. Only changes in height (hence in PE) are
physically meaningful - the reference level is a free choice.

Elastic potential energy, stored in an ideally-Hookean spring displaced a distance = from its nat-
ural length: since the spring force grows linearly from 0 to kx as it is stretched or compressed by z,
the work done against it (the area under the F'-z graph, a triangle of base = and height kx) is

PE Lpx2,

elastic — 2

Lhn2

PEgrav = mgh PEqjastic = 2

Both formulas require a defined reference point (h = 0, or x = 0 at the spring’s natural length).
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. GIAI THICH TIENG VIET

Thé nang luén can mot méc tham chi€u (h = 0 & dau, hodc = = 0 rng vai chiéu dai tu nhién
ctia |6 xo). Chi cé d6 bién thién thé ndng mdi co y nghia vat ly; gia tri tuyét déi cia thé nang
phu thudc vao viéc ta chon méc & dau va khéng phai |3 dai lugng "that” cé thé do truc tiép.

Vi du mau - Spring launching a block

A horizontal spring with £ = 400 N/m is compressed 0.15 m and used to launch a 0.60 kg block
along a frictionless surface. Find the elastic potential energy stored and the block’s launch
speed.

PE = Lka? = 1(400)(0.15)2 = [4.5J .

All of this converts to kinetic energy: %va =45 = v=4/ é 50 =+15=3.87Tm/s|

1.3.4 Conservation of Mechanical Energy

Mechanical energy is the sum E ., = KE + PE. When only conservative forces do work on a
system (no friction, no air resistance, no external applied force doing net work), mechanical energy
is conserved:

KE;,+ PE;, = KE; + PE,.

When non-conservative forces (typically friction) are also present, energy is not lost from the uni-
verse - it is converted to other forms (heat, sound) - but mechanical energy specifically decreases.
The work-energy theorem still applies in its most general form:

KE; + PE; + Wion-conservative = KEf + PEf’

where W, .n-conservative 1S N€gative when friction does negative work (as it almost always does on the
object under study); the mechanical energy "lost” equals the magnitude of the work done against
friction.

No friction/resistance: KE, + PE; = KE; + PEy.
With friction: KE; + PE; — [Wyictionl = KE; + PE;, where Wy, ion| = f, x (distance slid).

A single energy-conservation equation can track several forms of potential energy at once, pro-
vided every force involved is conservative.

Vi du mau - Gravitational PE converting to elastic PE

A 2.0kg block starts from rest at the top of a frictionless incline, 1.5 m above a horizontal
frictionless surface, and slides down onto a spring (k = 500 N/m) waiting at the bottom. Find
the maximum compression of the spring.

All of the gravitational PE released converts to elastic PE at maximum compression (the block is
momentarily at rest there, so K = 0 at both the start and the point of maximum compression):

2mgh  [2(2.0)(9.81)(1. .
mgh = ke = x:\/";gZ\/ ( 0)<590% )(15) :\/55%3:\/0.1177: 0.343m]

GIAI THICH TIENG VIET

Khl c6 ma sat, co nang khéng bao toan - mot phan chuyén thanh nhiét. Luén viét phuong trinh
dang: (co nang dau) — (cong can cla ma sat) = (co nang cudi). Céng clia ma sat [Weicton| =
[5. x d v@i d la quang dudng trugt thuc té, khdng phai do dich chuyén theo phuong ngang hay
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phuong thang ding.

Vi du miu - Sliding down a rough incline

A 4.0 kg block starts from rest at the top of a 5.0 m-long incline at 25° to the horizontal, with
w1, = 0.15. Find its speed at the bottom.

Height dropped: h = Lsinf = 5.0sin 25° = 5.0(0.4226) = 2.113 m.
Gravitational PE released: mgh = 4.0(9.81)(2.113) = 82.9J.
Friction force: f,, = p;,mgcosd = 0.15(4.0)(9.81)(0.9063) = 5.33N.
Work done against friction: f,L = 5.33(5.0) = 26.7 J.

. _ o [2(56.2) B
KE;=829—-267=562) = v= 10 =/28.1=5.30m/s |

At the top of a vertical circular loop, both gravity and the track’s normal force point toward the

va

centre of the loop (i.e. downward, since the centre lies below the car at that point), so N+mg = —.
T

The track can only push, never pull, so N > 0; the minimum possible speed at the top - the point at
2
which the track is on the verge of losing contact with the car (N = 0) - satisfies mg = Wmin

”
Umin = v/97. Combined with energy conservation between the bottom and top of the loop (height
difference 2r), this sets the minimum speed required at the bottom to complete the loop.

Vi du mAau - Loop-the-loop: minimum speed

A roller-coaster car enters a frictionless vertical circular loop of radius 8.0 m. Find (a) the min-
imum speed at the top of the loop needed to maintain contact with the track, and (b) the
corresponding minimum speed at the bottom of the loop.

(@) Umintop = /07 = /9.81(8.0) = V785 =[8.86 m/s |

(b) Energy conservation, bottom to top (height gained = 27): %vgoﬁom = %Utzop +g(2r) =
Voom = Voop -+ 4gr = T8.5 + 4(9.81)(8.0) = 78.5 + 313.9 = 392.4.

Umin,bottom — 392.4 =|19.8 m/s R

1.3.5 Power and Efficiency
Power is the rate at which work is done or energy is transferred/transformed:

measured in watts (1 W = 1J/s; a common non-SI unit still seen in vehicle and engine specifications
is the horsepower, 1 hp ~ 746 W). For an object moving at velocity v under an applied force F'in the

direction of motion,

Fd
P:T:FU,

since d/t = v. This form is especially convenient for vehicles and motors, where power output at a
given instant is simply (driving force) x (speed).
Efficiency compares useful output to total input, for energy, power, or work (the ratio is the same
regardless of which pair is used, provided the same time interval is used):
useful energy output P,

efficiency = - = )
Y total energy input Binput
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expressed as a decimal fraction (always < 1 for any real process, since some input energy is always
dissipated, typically as heat) or as a percentage by multiplying by 100%. Typical real-world effi-
ciencies vary enormously by technology: an incandescent light bulb converts only around 5% of its
electrical energy input into visible light (the rest becomes heat), a modern LED bulb reaches roughly
40%, a petrol car engine is typically 25-30% efficient at converting the chemical energy of fuel into
useful motion, and a well-designed electric motor can exceed 90%.

useful output

b W _AE
ot ot total input

P = Fv (constant-velocity case) efficiency = (x100%)

. GIAI THICH TIENG VIET

Céng suit 13 tdéc d6 chuyén hoa nang lwong, khéng phai ban than ning luong - hai may cé
thé thuc hién ciing mot céng nhung cong suat khac nhau néu thai gian thuc hién khac nhau.
Hiéu suat luén nhé hon hodc bang 100% vi luén c6 nang lwong hao phi (thudng 1a nhiét do
ma sat/dién tro).

Vi du mau - Motor lifting a load

A motor lifts a 200 kg load through a height of 10 m in 8.0s. Find its useful power output; if the
electrical power supplied is 3000 W, find its efficiency.

Useful work: W = mgh = 200(9.81)(10) = 19620 J.

19620
Puseful = W = 2453W (% 2.45 kW).
. 2453
Efficiency = 3000 — 0.818 = [81.8% |

1.4 A.4 Rigid Body Mechanics (AHL)
This content is assessed at Additional Higher Level (AHL) only.

1.4.1 Torque and Rotational Equilibrium

So far every object has been treated as a point (or as translating without rotating). Real objects have
size, and a force applied off-centre can cause rotation. The rotational analogue of force is torque (or
moment of a force),

T=Frsing = Fr,

where r is the distance from the pivot (axis of rotation) to the point where the force is applied, ¢
is the angle between the force vector and the line from the pivot to the point of application, and
r, = rsin@ is the perpendicular distance from the pivot to the line of action of the force (the "lever
arm”). Equivalently, 7 = F'|r, using only the component of the force perpendicular to r. Torque
is measured in newton-metres (N m) and is taken positive for one sense of rotation (e.g. counter-
clockwise) and negative for the other, by convention.

An extended obiject is in translational equilibrium when the net force on it is zero, and in rota-
tional equilibrium when the net torque about any chosen pivot is zero. An object at rest satisfying
both is in static equilibrium. A useful fact: if the net torque is zero about one pivot (and the net
force is also zero), it is automatically zero about every other pivot as well - so a pivot can be chosen
strategically, typically at the point where an unknown force acts, to eliminate that unknown from
the torque equation.
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T=Frsinf =Fr,

Equilibrium of a rigid body requires both: > F = 0 (translational) and > 7 = 0 about any pivot
(rotational).

A

B
m 4 mp

pivot

dA dB

A rigid beam balanced on a pivot. For rotational equilibrium, the clockwise and counter-clockwise torques about the
pivot must balance: m 4gd 4, = mggdp.

GIAI THICH TIENG VIET
Khi giai bai toan can bang vat ran, luén chon truc quay (pivot) di qua diém dit cta mét luc
chua biét - luc do sé c6 mé-men bang O (vi » = 0) va tw dong bién mat khdi phuong trinh
mo-men, gilp bai toan don gian hon nhiéu. Nh& kiém tra c3 hai diéu kién: téng luc bang O va
téng mod-men bang O.

Vi du mAu - Balancing a seesaw

On a seesaw pivoted at its centre, child A (mass 30 kg) sits 1.8 m from the pivot. Where must
child B (mass 25 kg) sit to balance the seesaw?

. d 1. 4
Torque balance about the pivot: m gd, = mpgdy = dp = “ATA — 30(18) _ 54 _

mpg 25 25
from the pivot, on the opposite side.

A second classic equilibrium problem combines translational and rotational equilibrium at once:
a ladder leaning against a wall, where four different forces all act at different points along the ladder.

wall

]\rﬂoor

<

A ladder leaning against a smooth (frictionless) wall, with its foot on a rough floor. Four forces act: weight W at the
midpoint, normal force Ny, and friction f at the base, and normal force N, at the top.

Vi du mau - Ladder against a smooth wall

A uniform ladder of mass 20 kg and length 4.0 m leans against a smooth (frictionless) vertical
wall, its foot on rough ground, making an angle of 60° with the ground. Find the minimum
coefficient of static friction at the floor needed to prevent the ladder slipping.

Vertical equilibrium: Ng,,, = W = mg = 20(9.81) = 196.2 N.

Horizontal equilibrium: f = N,,,-
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Torque about the base (this eliminates Nq,,, and f, both acting there): the weight acts at the
midpoint, moment arm é cos 0; the wall's normal force acts at the top, moment arm L sin ¢:

w 196.2 196.2
= = 56.6 N.

N, =
2tanf  2tan60°  2(1.732)

wat Lsind =W - £2cos = N, =

So f = 56.6 N, and the minimum coefficient of friction is

f 56.6
in = = ——=10.289|
Ms,mln Nﬂoor 1962

. GIAI THICH TIENG VIET

Bai toan thang dua vao tudng 13 vi du kinh dién can dung ca hai diéu kién can bang: téng luc
bang O theo hai phuong, va téng md-men bang 0. Meo quan trong: chon truc quay tai chan
thang dé hai luc chua biét (Vg Va f) tu dong bién mat khdi phuong trinh mé-men, chi con
lai phuong trinh lién hé gilra trong lvgng va phan luc tudng.

1.4.2 Moment of Inertia

Just as mass measures an object’s resistance to a change in linear velocity (inertia), moment of inertia
I measures its resistance to a change in angular velocity - but unlike mass, I depends not just on
how much mass an object has, but on how that mass is distributed relative to the axis of rotation. For a
single point mass m at distance r from the axis, I = mr?; for an extended rigid body, I is the sum of
mr? over every mass element. Mass concentrated far from the axis contributes far more to I than
the same mass close to the axis (because of the r? dependence) - which is why, for example, a hoop
has a larger moment of inertia than a solid disk of the same mass and radius.

Standard results (stated here without derivation, since deriving them requires methods beyond
the scope of this course):

Shape (axis of rotation) Moment of inertia
Point mass, distance r from axis I =mr?

Thin rod, about centre (length L) I= %ML2
Thin rod, about one end (length L) I = %ML2
Solid disk / cylinder, central axis (radius R) I= %MR2
Thin hoop / ring, central axis (radius R) I = MR?
Solid sphere, about a diameter (radius R) I = %MR2

The same object can have a different I about different axes - always state (or check) which
axis a given [ refers to. Moment of inertia adds for a composite object: I, = >, I; (sum of
the moments of inertia of its parts, all about the same axis).

A large moment of inertia is not always undesirable: flywheels in engines and machinery are
deliberately built with mass concentrated near the rim (like a hoop) precisely to maximise I for a
given mass, so they store a large amount of rotational kinetic energy (%Iwz) and resist changes in
rotation speed, smoothing out fluctuations in power delivery. Conversely, a gymnast or diver curls
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into a tight ball to minimise I (pulling mass close to the rotation axis), allowing rapid spins for a given
angular momentum - the same physics as the spinning skater discussed below.

- GIAI THICH TIENG VIET
M6-men quan tinh I déng vai trd nhu "khéi luong” trong chuyén déng quay - nhung phu thudc
vao cach phan bé khéi lugng quanh truc quay, khong chi téng khéi lwong. Vat c6 khai lugng
nam cang xa truc quay thi 7 cang I6n (do ti 1& v&i 72), nén vanh tron (I = M R?) c6 mé-men
quan tinh I&n hon dia dac cung khoi lwgng va ban kinh (I = %MR2) - khéi lvgng cua dia dac
phan bé gan truc hon.

1.4.3 Rotational Dynamics: Newton’s Second Law, Rotational KE and Angular Momentum

The rotational analogue of F, .. = ma is
Tnet - IO[,

where o is angular acceleration (rad/s?) - a net torque produces an angular acceleration proportional
to the torque and inversely proportional to the moment of inertia, exactly paralleling the linear case.
A rotating object has rotational kinetic energy

1 2
KE,o = 31w,
the rotational analogue of %va.

Angular momentum is the rotational analogue of linear momentum:
L=1w.
In the absence of a net external torque, angular momentum is conserved:
L,=L; = Lw;,=Iwy.

This is a conservation law independent of linear momentum conservation - a system can conserve
angular momentum while its linear momentum changes, and vice versa. A classic demonstration:
a spinning skater (or a person on a frictionless rotating stool) pulls their arms inward, decreasing I;
since no external torque acts about the vertical spin axis (friction/air resistance neglected), L stays
constant, so w must increase.

Tt =l KEgq =3I L=1Iw (7¢=0 = L = constant)
Every rotational quantity introduced in this section has a direct translational analogue, and every

rotational equation is structurally identical to its translational counterpart with the substitutions
s—=0,v—=>wa—am—=I1F—rT:

Quantity Translational Rotational
Displacement s 0

Velocity v w
Acceleration a o

Inertia mass m moment of inertia 1
Newton's second law  Fj.; = ma Thet = L
Momentum p=muv L=1w
Kinetic energy Tmo? 1Iw?
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Vi du mAu - Torque accelerating a flywheel

A solid disk (I = %MRQ), mass 4.0 kg and radius 0.25 m, starts from rest and is subjected to a
constant net torque of 2.0 N - m. Find (a) its moment of inertia, (b) its angular acceleration, (c)
its angular velocity after 5.0's, and (d) its rotational kinetic energy at that time.

(@) I = 1MR? = 1(4.0)(0.25)> =|0.125kg - m? |
b) o = = =|16.0rad/s?|.

(

125
(©w = at = 16.0(5.0) = |80rad/s|,
(

Tw? = 1(0.125)(80)>

400J |

1
2

GIAI THICH TIENG VIET
mBé\o toan dong lvong goéc L = Iw gidi thich vi sao van dong vién truot bang quay nhanh hon
khi thu tay vao (I gidm nén w tang dé gilr L khong d6i). Luu y: dong nang quay khéng bao
toan trong qua trinh nay - né tang lén nho cong co (ndi luc) ma van dong vién chi dong thuc
hién khi kéo tay vao.

Vi du mAu - Spinning skater

A figure skater spins with arms extended, moment of inertia 5.0 kg - m?, at 1.5rad/s. She pulls
her arms in, reducing her moment of inertia to 2.0 kg - m?. Find her new angular velocity and
the ratio of her final to initial rotational kinetic energy.

Angular momentum is conserved (no external torque about the spin axis): [ w, = lw, =

5.0(1.5
Wy = 2(.0 ) =|[3.75rad/s|

KE, = 1(5.0)(1.5)2 = 5.625J; KE, = 3(2.0)(3.75)% = 14.06 J.
KE
Ratio 2
KE,
does pulling her arms in.

= - the extra kinetic energy comes from the internal (muscular) work she

1.4.4 Rolling Without Slipping

A wheel, ball, or cylinder that rolls without slipping combines translation of its centre of mass with
rotation about its own centre, linked by the rolling condition

Ve = WT

where v, is the speed of the centre of mass and r is the object’s radius. This expresses that the

contact point is instantaneously at rest relative to the ground - precisely the "no slipping” condition.

Because the object both translates and rotates, its total kinetic energy is the sum of translational

and rotational parts:

For an object of a given shape (fixed ratio I /mr?) rolling down a slope from rest through a height A,
energy conservation gives a final speed less than /2gh (the frictionless-sliding result), because part
of the released gravitational PE goes into rotational KE rather than translational KE. Objects with
a larger I/mr? ratio (mass distributed farther from the axis, e.g. a hoop) move more slowly down
a given slope than a more centrally-concentrated shape (e.g. a solid sphere), regardless of mass or
radius - both cancel out of the result.
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— 1.2 17,2
=wr KE = smugy + 51w

2gh
1+ 1/(mr?)

va

Rolling down height h from rest: v, = - always less than the frictionless-

sliding speed /2gh.

GIAI THICH TIENG VIET
Vat lan khong truot c6 hai dang déng nang cung ltic: dong ndng tinh tién %mvz va dong nang
quay 7w Vivay, cing mét do cao h, vat Ian ludn dén chan déc cham hon vat truot khong
ma sat (khéng quay) - mot phan thé nang "bi” chuyén thanh ddng ning quay thay vi dong nang
tinh tién.

Vi du mAu - Cylinder rolling down a ramp

A solid cylinder (I = %MR2), mass 3.0 kg, radius 0.20 m, rolls without slipping from rest down
a ramp, dropping through a height of 2.0 m. Find its speed at the bottom, and compare with
frictionless sliding.

2
Mgh = 1Mv? + Lw? = LMo + L (LM R?) %

Agh  4(9.81)(2.0) 785
2 — — —
V== 3 =3 =262 = v=|511m/s|

Frictionless sliding: v = \/2gh = /2(9.81)(2.0) = v/39.2 = |6.26 m/s | - faster, since none of

the released PE is diverted into rotational KE.

= 1Mv? + IMv? = 3M2,

1.5 A.5 Galilean and Special Relativity (AHL)
This content is assessed at Additional Higher Level (AHL) only.

1.5.1 Frames of Reference and Galilean Relativity

A frame of reference is a coordinate system (with a clock) from which motion is measured. Aninertial
frame is one that is not accelerating - Newton'’s first law holds exactly within it (a free object moves
at constant velocity). Any frame moving at constant velocity relative to an inertial frame is itself
inertial; any accelerating (including rotating) frame is non-inertial.

Before the twentieth century, physicists assumed velocities simply add between frames - Galilean
relativity: if a frame S’ moves at constant velocity u relative to frame S (both measuring along the
same axis), and an object has velocity v in S, then its velocity in S’ is

v =v—u.

The central claim of Galilean relativity is that the laws of mechanics take the same form in every
inertial frame: no mechanical experiment performed entirely within a closed, uniformly-moving lab-
oratory can detect that laboratory’s velocity (only its acceleration is detectable, e.g. via a pendulum
or accelerometer). This idea - that there is no privileged, "absolute rest” frame - survives essentially
unchanged into Einstein’s theory; what changes is only the rule for how velocities, times, and lengths
transform between frames.

Galilean velocity addition: v" = v — u (frame S’ moves at velocity u relative to S). The laws
of mechanics are identical in every inertial frame - no experiment performed entirely within a
closed, uniformly-moving frame can detect uniform motion.

Quick check: a passenger walks forward at 1.5 m/s relative to a train that itself travels at 20 m/s
relative to the ground (same direction). In the ground frame, Galilean addition gives the passenger’s
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speed as 20 + 1.5 = 21.5m/s; if the passenger instead walks toward the back of the train at 1.5m/s,
the ground-frame speed is 20 — 1.5 = 18.5m/s.

- GIAI THICH TIENG VIET
Thuyét tuong déi Galileo (c6 dién): van téc cong don gidn theo phép cong vector théng thudng,
v’ = v — u. Khong cé thi nghiém co hoc nao thuc hién hoan toan bén trong mot phong thi
nghiém chuyén déng déu (khong gia téc) cé thé phat hién phong dé dang chuyén ddng - chi
c6 gia tdc mai phat hién duoc (vi du bang con lac hay gia téc k&), khéng phai van téc khéng
déi.

1.5.2 Einstein’s Postulates

By the late nineteenth century, Maxwell's theory of electromagnetism predicted a fixed speed of
light ¢ = 3.00 x 103 m/s in vacuum - but the theory gave no indication of which frame this speed
was measured relative to, which seemed to conflict with the Galilean picture, in which speeds should
simply add. Physicists initially assumed light travelled through a hypothetical medium (the "luminif-
erous aether”) that would define a special, absolute rest frame; the famous Michelson-Morley ex-
periment (1887) attempted to detect Earth’s motion through this aether by comparing the speed of
light in perpendicular directions, but found no difference whatsoever, however the experiment was
oriented or repeated at different times of year - a null result with no satisfactory classical explana-
tion. Einstein resolved this in 1905 by elevating the puzzle into two postulates, taken as the axioms
of a new theory: special relativity - one of several landmark papers Einstein published that same
year (his so-called "miracle year”), alongside work explaining the photoelectric effect and Brownian
motion.

Einstein’s two postulates

1. Principle of relativity: the laws of physics (not just mechanics, but all of physics, including
electromagnetism) take the same form in every inertial frame of reference.

2. Constancy of the speed of light: the speed of light in vacuum, ¢, has the same value for
every inertial observer, regardless of the motion of the light source or of the observer.

The second postulate is the radical one: it flatly contradicts Galilean velocity addition (v/ =
v — u would predict different observers measure different speeds for the same light beam).
Taking it seriously - rather than dismissing it - forces time and space themselves to behave
differently from Galilean expectations, exactly as worked out in the rest of this section.

. GIAI THICH TIENG VIET

Hai tién dé cha Einstein: (1) moi dinh luat vat ly (khong chi co hoc) déu cé cung dang trong
moi hé quy chi€u quan tinh; (2) téc d6 dnh sang trong chan khéng c |a nhw nhau véi moi ngudi
quan sat quan tinh, bat ké nguon sang hay ngudi quan sat dang chuyén déng thé nao. Tién dé
th(r hai di nguoc lai truc giac théng thudng (cong van téc kiéu Galileo) va 1a nén tang dan dén
gian thaoi gian, co do dai.

1.5.3 Time Dilation and Length Contraction

Define the Lorentz factor )
Y= ,
Y
02

where v is the relative speed between two inertial frames. Since v < ¢ always for any massive object,
~ > 1 always, with v = 1 only whenv = 0 and v — oo as v — c¢. For everyday speeds v « ¢, v
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is indistinguishable from 1, which is why relativistic effects are never noticed in ordinary life - they
only become significant when v is an appreciable fraction of c.

Time dilation: the proper time At, between two events is the time interval measured by a clock
present at both events (a clock at rest in the frame where the two events happen at the same place).
Any other inertial observer, who sees that clock moving at speed v, measures a longer interval be-
tween the same two events:

"Moving clocks run slow” - more precisely, any observer judges a clock moving relative to them to
be ticking slower than their own identical clock.

This result can be derived directly from Einstein’s second postulate using a simple thought ex-
periment - the light clock. A light clock consists of two mirrors separated by a fixed distance L
(measured in the clock’s own rest frame), with a light pulse bouncing between them; one "tick” (the
pulse travelling from one mirror to the other) takes proper time At, = L/c in the clock’s own frame.

Now view the same clock from a frame in which it moves horizontally at speed v. During one
tick (duration At in this frame), the clock itself shifts horizontally by vAt, while the light pulse -
travelling at speed c in every frame, by the second postulate - must cover the diagonal distance cAt,
the hypotenuse of a right triangle with legs L and vAt:

top mirror

bottom mirror ,
VAt

The light clock, viewed from a frame in which it moves at speed v. The light pulse’s diagonal path of length cAt is the
hypotenuse of a right triangle with legs L and vAt.

By Pythagoras: (cAt)? = L? + (vAt)?2. Substituting L = cAt,:

At}

CQAtQZCQAtquUQAtQ — AtQ(CQf’UQ):CQAt% _ Aﬁ:m

= At = vAt,.

This is exactly the time dilation result, derived from nothing more than the constancy of ¢ and the
Pythagorean theorem.

Length contraction: the proper length L, of an object is its length measured in the frame in
which the object is at rest. An observer who sees that object moving at speed v (along the direction
of the length being measured) measures a shorter length:

L
L= (y>1 = L<IL.
Y

Length contraction applies only to lengths measured along the direction of relative motion - dimen-
sions perpendicular to the motion are unaffected.

1 . Tt
(>1) At = vyAt, (time dilation)

L o=
LO . .
L = — (length contraction, along motion only)
Y

Two clean reference values: v = 0.60c = ~v=1.25; v=0.80c = ~ = g ~ 1.667.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 37



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

GIAI THICH TIENG VIET
Proper time” At, la thai gian do bdi dong ho dirng yén tai vi tri xay ra hai su kién; "proper
length” L, la chiéu dai do trong hé quy chiéu ma vat dirng yén. Moi nguai quan sat khac (thay
doéng ho/vat dé chuyén dong) sé do dugc thai gian dai hon (At = yAt,) va chiéu dai ngan hon
(L = Ly/~). Ghinhé hai gia tri dep: v = 0.6¢c = v = 1.25; v = 0.8¢ = v ~ 1.667.

(!) Léi thuong gap: "Proper time” At ludn 13 thai gian do bai dong hd dirng yén so véi hai sy
kién (déng ho c6 mét tai ca hai su kién, cing mét vi tri trong hé quy chiéu ctia né) - day luén
la khoang thoi gian ngan nhat trong moi hé quy chiéu quéan tinh. Tuong tu, "proper length” L,
13 chiéu dai do trong hé quy chi€u ma vat dirng yén, va ludn |3 chiéu dai dai nhat. Hoc sinh
thuong gan nham At, hodc L, cho hé quy chiéu "dang chuyén dong” thay vi hé quy chiéu
"dirng yén so vai vat/su kién”.

Vi du miu - Time dilation and length contraction

A spaceship travels at v = 0.80c relative to Earth. Its onboard clock measures a proper time
interval of 5.0 s for an onboard process, and its proper length is 90 m.

1 1 L _reer

7T V1080 V036 060
Earth-frame time interval: At = yAt, = 1.667(5.0) = |8.33s ]|

L
Earth-frame length: L = =2 = % =[54.0m]|
~ .

Vi du mA3u - Muon time dilation

Muons produced when cosmic rays strike the upper atmosphere have a proper mean lifetime
of At, = 2.20s (measured in the muon’s own rest frame) before decaying. A muon travels
toward the ground at v = 0.80c. Find (a) the mean lifetime as measured in the Earth’s frame,
and (b) the average distance it travels (in the Earth’s frame) before decaying.

() v = 1.667 at v = 0.80c: At = yAt, = 1.667(2.2) = [3.67@s .

(b) d = vAt = 0.80(3.00 x 10%)(3.67 x 107%) =[880m |

Using the (incorrect) classical proper lifetime alone, a muon could travel only vA¢, =
0.80(3.00 x 10%)(2.2 x 107%) ~ 528 m on average - far too short a distance for most muons to
reach sea level from the upper atmosphere. The much larger measured muon flux at ground
level is direct experimental evidence for time dilation.

Time dilation is not merely a theoretical curiosity confirmed by exotic particles: the satellites
of the Global Positioning System (GPS) move fast enough, and their onboard atomic clocks must
be corrected precisely enough, that special-relativistic time dilation (along with a separate general-
relativistic effect from the weaker gravitational field at orbital altitude, beyond the scope of this
course) must be accounted for continuously - without these corrections, GPS position errors would
accumulate at several kilometres per day.

1.5.4 Relativity of Simultaneity

A direct consequence of the constancy of c is that simultaneity is relative: two events that occur
at the same time but at different locations, as judged by one inertial observer, are in general not
simultaneous as judged by a different inertial observer moving relative to the first. This is not a
matter of light-travel-time delays being calculated incorrectly (those can be corrected for by any
observer); it is a genuine disagreement about which events happen "at the same time” once light-
travel delays have already been properly accounted for by each observer in their own frame.
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A standard thought experiment: a light source at the midpoint of a moving train emits a flash in
both directions simultaneously. A passenger at the train’s centre, at rest relative to the train, judges
the light to reach both ends of the train at the same instant (each pulse travels an equal distance
in the train’s own rest frame). An observer standing on the platform, watching the train go by, sees
the rear wall of the train moving toward the rearward-travelling pulse and the front wall moving
away from the forward-travelling pulse; since light travels at the same speed ¢ for this observer
too (second postulate), the platform observer judges the light to reach the rear of the train before it
reaches the front - the two arrivals are not simultaneous in the platform frame, even though they
are simultaneous in the train frame.

- GIAI THICH TIENG VIET
Tinh dong thai (simultaneity) chi mang tinh twong doi: hai su kién xay ra "cung lac” trong hé
quy chiéu nay c6 thé khéng cung ldc trong hé quy chiéu khac dang chuyén déng tuong déi so
vGi hé dau. Day khéng phai do tinh sai do tré anh sang, ma 1a mot hé qua tat yéu cua tién dé
téc dd anh sang khéng déi - mét trong nhirng két qua phan truc gidc nhat cha thuyét tuong
doi hep.

1.5.5 Mass-Energy Equivalence and the Twin Paradox

Special relativity implies that mass itself is a form of energy. The total energy of an object of rest
mass m moving at speed v is
E = ymc?,

which splits naturally into a part present even when the object is at rest, the rest energy

Ey, = mc? (the v =0, v = 1 case),

and the additional energy due to motion, the relativistic kinetic energy

KE=FE—E;=(y—1)mc?.

At everyday speeds (v < c), a series expansion of v shows (y — 1)mc? — %mvz, so this reduces
smoothly to the familiar classical kinetic-energy formula - special relativity does not replace Newto-
nian mechanics so much as correct it, with corrections that vanish at low speed and grow large only
as v approaches c.

This also explains why no object with mass can ever be accelerated to reach ¢: as v — ¢, v — oo,
so the kinetic energy KE = (v — 1)mc? required would itself grow without bound. An infinite
amount of energy would be needed to reach the speed of light, so ¢ acts as an absolute speed limit
for any object with nonzero rest mass; only massless particles (such as photons) can travel at c.

Mass-energy equivalence is not merely a theoretical curiosity: because ¢? is such an enormous
number (~ 9 x 10'® m?/s2), even a tiny decrease in the total rest mass of a system releases a very
large amount of energy. This is the underlying mechanism of nuclear fission (heavy nuclei splitting)
and nuclear fusion (light nuclei combining), in which the total rest mass of the products is measurably

less than that of the reactants, with the missing mass released as energy consistent with E = mc?.

E = ymc? E, = mc? KE = (y — 1)mc?

The twin "paradox”

Twin A stays on Earth (a single inertial frame throughout); twin B travels at high speed to a
distant star and returns. Each twin, naively applying "moving clocks run slow” to the other,
might expect to find the other twin younger on reunion - an apparent contradiction, since
they cannot both be right. The resolution is that the situation is not symmetric: twin B must
decelerate, turn around, and re-accelerate to come home, so twin B does not remain in a
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single inertial frame for the whole trip, while twin A does. Time dilation as derived above (via a
constant ~) strictly applies only to observers who stay in a single inertial frame; twin B’s frame-
switching breaks the symmetry, and a careful calculation shows unambiguously that twin B
returns younger than twin A. There is no true logical paradox - only an apparent one that arises
from applying a symmetric-looking formula to a genuinely asymmetric physical situation.

- GIAI THICH TIENG VIET
Nghich ly song sinh (twin paradox) khong phai la mét nghich ly that su: tinh huéng khéng doi
x{&rng vi nguoi anh/em du hanh (twin B) phai giam téc, quay dau, roi tang toc tré vé - nghia la
déi hé quy chi€u quan tinh - trong khi ngudi & lai Trai Dat (twin A) ludn & trong mét hé quy
chiéu quan tinh duy nhat. Céng thirc gian thai gian don gian At = yAt, chi dp dung chic chan
cho ngudi quan sat khong déi hé quy chiéu (twin A); do dé twin B trd vé tré hon twin A moét
cach khéng mo hé.

Vi du mAu - Rest energy and kinetic energy of an electron

An electron (rest mass 9.11 x 103! kg) moves at v = 0.60c. Find its rest energy, total energy,
and kinetic energy.

~ = 1.25 at v = 0.60c¢ (since v/1 — 0.36 = 0.80).

Ey=me? =9.11 x 10731(3.00 x 10%)2 = 9.11 x 10-31(9.00 x 106) = |8.20 x 10~ 14J|

(this is close to the well-known electron rest energy of ~ 0.511 MeV, a useful sanity check).

E = vE, = 1.25(8.20 x 10714) = | 1.02 x 103 J],
KE = (y—1)E, = 0.25(8.20 x 107!4) = ‘ 2.05 x 10~14 ‘

The kinematics, dynamics, and energy relations developed throughout Sections A.1 to A.4 are
entirely Newtonian, and remain extremely accurate for essentially all everyday, terrestrial, and even
most astronomical applications - projectiles, vehicles, machinery, and planetary orbits alike. Special-
relativistic corrections become significant only when speeds approach a substantial fraction of ¢, a
regime essentially never encountered outside particle accelerators, cosmic-ray physics, and a handful
of precision technologies such as GPS - which is precisely why Newtonian mechanics, not relativity,
remains the working tool for the overwhelming majority of physics and engineering problems.

1.6 Problem Bank

Bai tap luyén tap

A car’s velocity-time graph is a straight line from (0 s, 0 m/s) to (10 s, 30 m/s). What is the car’s
displacement during these 10 seconds?

(A) 300m (C) 45m
(B) 150m (D) 15m

Loi giai chi tiét

The graph is a straight line from rest, so displacement equals the area of the triangle under it:
s = (10)(30) = 150 m. (B).
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Bai tap luyén tap

A train starts from rest and accelerates uniformly at 0.80 m/s2 for 255, travels at constant
velocity for a further 60 s, and finally decelerates uniformly to rest in 20s.

(@) Find the maximum velocity reached.
(b) Find the total displacement of the train.

(c) Find the average velocity for the entire journey.

Lai giai chi tiét

@wv=u+at=0+0.80(25) =20m/s.
(b) Displacement = area under the v-t graph in three phases: s; = 1(25)(20) = 250m; s, =

(60)(20) = 1200 m; s, = 1(20)(20) = 200 m. Total = 250 + 1200 + 200 =[ 1650 m .

. _ 1650
(c) Total time = 25 4+ 60 4+ 20 = 105s. v = ST 15.7m/s|.

Bai tap luyén tap

A stone is dropped from rest from a height of 45 m. Ignoring air resistance, find its speed just
before it hits the ground.

(A) 21.0m/s (C) 44.1m/s
(B) 29.7m/s (D) 9.81m/s

Lai giai chi tiét

v? = u? + 2gh = 0 + 2(9.81)(45) = 882.9 = v = 29.7m/s. (B). (Note that this result is
independent of the stone’s mass - consistent with all objects falling at the same rate when air
resistance is neglected.)

Bai tap luyén tap

A ball is thrown vertically upward at 25 m/s from the edge of a rooftop 20 m above the ground.
(@) Find the maximum height reached above the rooftop.

(b) Find the time taken to reach that maximum height.

(c) Find the total time from launch until the ball hits the ground.

(d) Find the ball's speed when it hits the ground.

Lai giai chi tiét

-

Take up as positive, a = —g.

2 2 2
() H = ;Lg = 2(9581) — above the rooftop.

U 25
b)t,, = —=— =|2.55s|

(c) Taking the rooftop as origin, the ground is at s = —20m: —20 = 25t —4.905t> = 4.905t% —
25t — 20 = 0.

25 625 + 4(4.905)(20 2541017 25+ 31.9 .. 7
v = + \/ 2(:90(5> )(20) = —;81 = ;81 = (rejectlng the negative
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root).

(d)v=u—gt =25-9.81(5.80) =| —31.9m/s|, i.e. 31.9m/s downward.
Bai tap luyén tap

A ball rolls off a horizontal table 1.25 m high with a horizontal speed of 4.0 m/s. How far from
the base of the table does it land?

(A) 1.25m (C) 4.0m
(B) 2.0m (D) 5.0m

Loi giai chi tiét

-

t=+/2h/g = \/2(1.25)/9.81 = 0.505s. Range = ut = 4.0(0.505) = 2.0 m. (B).

Bai tap luyén tap

A javelin is thrown at 22 m/s at 35° above the horizontal from ground level.
(@) Find the time of flight.

(b) Find the horizontal range.
(c) Find the maximum height reached.

(d) Find the javelin's speed at the highest point of its flight.

Loi giai chi tiét

u, = 22c0s35 = 18.0m/s, u, = 22sin 35" = 12.6 m/s.

2using  2(22)(0.5736
@ 7 = 20l _ 2EBST0) _ 5575

g
2 <f 2 o
(b) R — u”sin26  484sin70° 484(0.9397) _[464m)]
g 9.81 9.81
Q.Y sin  484(0.3290) o
29 1962

(d) At the highest point the vertical component is zero, so speed = u, =[18.0m/s|.

Bai tap luyén tap

A laboratory centrifuge spins at 3000 revolutions per minute with the sample held at radius
0.15m from the axis.

(@) Find the period and angular velocity of the spin.
(b) Find the linear speed of the sample.

(c) Find the centripetal acceleration of the sample, expressed also as a multiple of g.

Loi giai chi tiét
(@) f = 3000/60 = 50Hz, 50 T = 1/f = 0.020s and w = 27 f = |314rad/s|.
(b) v = wr = 314(0.15) = .

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 42



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

(€) a, = w?r = 3142(0.15) ~ [ 1.48 x 10* m/s? |, i.e. a./g ~ 1.51 x 10° - about 1500 times g.

Bai tap luyén tap

A 10 kg box on a horizontal floor is pushed with a horizontal force of 40 N. The coefficient of
kinetic friction between box and floor is 1;, = 0.25. Find the box’s acceleration.

(A) 4.0 m/s> (C) 1.5 m/s’
(B) 2.5 m/s (D) 0.25 m/s”

Loi giai chi tiét

N = mg = 10(9.81) = 98.1N. f, = u,N = 0.25(98.1) = 24.5N. Net force = 40 — 24.5 =
15.5N. a = 15.5/10 = 1.5m/s2. (C).

Bai tap luyén tap

A 8.0 kg block is placed on an incline at 20° to the horizontal. The coefficients of friction be-
tween block and incline are pi, = 0.35 and p;, = 0.25.

(@) Show that the block does not remain at rest when released.

(b) Find the block’s acceleration down the slope.

Lai giai chi tiét
(@) Component of weight along the slope: mgsin20° = 8(9.81)(0.342) = 26.8 N. Maximum
static friction: p mgcos20° = 0.35(8)(9.81)(0.940) = 25.8N. Since 26.8N > 25.8N, the
driving component exceeds the greatest friction available, so the block slides.

(b) Once sliding: a = g(sin 20°—p;, cos 20°) = 9.81(0.342—0.25x0.940) = 9.81(0.342—0.235) =

1.05m/s? | down the slope.

Bai tap luyén tap

A 0.15 kg baseball approaches a bat horizontally at 30 m/s and leaves the bat at 40 m/s in the
opposite direction. The ball is in contact with the bat for 1.5 ms. Find the average force exerted
by the bat on the ball.

(A) 1050N (C) 7000N

(B) 4000N (D) 10500N

Loi giai chi tiét
Taking the incoming direction as positive: Ap = m(v;—wv;) = 0.15(—40—30) = —10.5kg - m/s.
F = |Ap|/At = 10.5/0.0015 = 7000 N. (C).

Bai tap luyén tap

Cart A (3.0 kg, moving at 4.0 m/s) collides with stationary cart B (1.0 kg) on a frictionless track.
(@) If the collision is perfectly elastic, find the velocity of each cart after the collision.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 43



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

(b) If instead the carts collide and stick together, find their common final velocity and the ki-
netic energy lost.

Loi giai chi tiét
my —m 2 2m 6
Check: momentum before = 3.0(4.0) = 12kg - m/s; after = 3.0(2.0) + 1.0(6.0) = 12kg - m/s,
confirming momentum conservation. KE before = 5(3.0)(4.0)? = 24 J; after = 3(3.0)(2.0)* +
(1.0)(6.0)? = 6 + 18 = 24J, confirming KE is also conserved.

12
(b, = DAYA T TEYE o= 3.0m/s| KEafter= 1(4.0)(3.0)> = 18J. KE lost = 2418 =

my+mp
6.0J|

Bai tap luyén tap

A 1200 kg car rounds a flat (unbanked) curve of radius 60 m. The coefficient of static friction
between tyres and road is 11, = 0.60. Find the maximum speed at which the car can round the
curve without skidding.

(A) 6.0m/s (C) 35.3m/s
(B) 18.8m/s (D) 60.0m/s
TS
2
pomg = 2 — v = Ji.gr = 1/0.60(9.81)(60) = /353 = 18.8m/s. (B).

r

Bai tap luyén tap

A highway curve of radius r is banked at 15° so that a car travelling at 25 m/s can round it with
no reliance on friction.

(@) Find the required radius 7.

(b) If a car exceeds this design speed on the same curve, state (with a brief reason) which way
friction must act to prevent the car sliding.

Loi giai chi tiet

(a) With no friction, resolving forces: N cosf = mg and Nsinf = @ Dividing: tanf =

v V2 625 695
—_ p— — = — 2 I
rg " gtand 98ltanis _ 9.81(0.268)

(b) Above the design speed, the car "wants” to slide up and outward across the bank, so friction
acts down the slope (inward and downward along the banked surface) to supply the extra
centripetal force needed.

Bai tap luyén tap

Planet X has mass 4.0 x 1024 kg and radius 5.0 x 10° m.
(@) Find the gravitational field strength at the surface of Planet X.

[
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(b) A satellite orbits Planet X at an altitude of 1.0 x 103 km above the surface. Find its orbital
speed and period.

Loi giai chi tiét

@) g — GM  (6.67 x 10711)(4.0 x 10**)  2.67 x 10™
9= Re T (5.0 x 106)2 T 25 x 1088
(b)r=R+h=>5.0x10°+1.0 x 10° = 6.0 x 10°m.

GM 2.67 x 10
— \/ — \/ X = V/4.45 x 107 ={6.67 x 103 m/s |
T

=110.7m/s? |

v 6.O><306
2 2 . 1 .
T = 2 W =15650s |~ 94 min.

v

~ ~

Bai tap luyén tap

Planet 1 orbits a star at distance r; with period T}. Planet 2 orbits the same star at distance
ro, = 4r,. What is planet 2’s orbital period, in terms of 7}, ?

(A) 21, (C) 8T,
(B) 4T, (D) 16T,
Loi gidi chi tiét
) ; 2 3 T, ’ T2 ’ 3 T,
By Kepler's third law, T% « r°, so T =] =4 =64 = T = 8. (C). Note
T

1 1
how strongly period grows with orbital radius: quadrupling the distance increases the period
eightfold, not merely fourfold.

Bai tap luyén tap

A 5.0 kg box, initially at rest, is pushed 3.0 m across a floor by a horizontal force of 20 N, while
friction does —18J of work on it. Find the box’s final speed.

(A) 2.7m/s (C) 49m/s
(B) 4.1m/s (D) 16.8m/s

Loi giai chi tiét
Wappiied = Fd = 20(3.0) = 60J. Wy, = 60 — 18 = 42J = AKE. From rest: v = /2(42)/5.0 =
Vv16.8 = 4.1m/s. (B).

Bai tap luyén tap

A 2.0 kg block starts from rest at the top of a frictionless ramp 3.0 m high. It slides down and
then continues across a rough horizontal floor (1, = 0.40) before stopping.

(@) Find the block’s speed at the bottom of the ramp.

(b) Find the distance the block travels across the rough floor before stopping.
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Loi giai chi tiét

(@) v = /2gh = 1/2(9.81)(3.0) = v/58.9 = | 7.67Tm/s |.
(b) KE at the bottom = mgh = 2.0(9.81)(3.0) = 58.9J, entirely removed by friction: f,.d = mgh,
where f;, = umg = 0.40(2.0)(9.81) = 7.85N. d = 58.9/7.85 = [7.5m |

Bai tap luyén tap

A horizontal spring with spring constant £ = 150 N/m is compressed 0.20 m and used to launch
a 0.50 kg ball along a frictionless surface. Find the ball’s launch speed.

(A) 1.7m/s (C) 3.5m/s
(B) 2.4m/s (D) 6.0m/s

Loi gidi chi tiét
skz? = imv? = v=x/k/m = 0.20,/150/0.50 = 0.204/300 = 0.20(17.3) = 3.5m/s. (C).

Bai tap luyén tap

A vertical spring with £ = 2000 N/m is compressed 0.12m by a 0.80 kg ball, then released,
launching the ball upward. Neglect the spring’s mass and the small height change during re-
lease.

(@) Find the elastic potential energy stored in the compressed spring.

(b) Find the additional height the ball rises above the point of release.

Loi giai chi tiet

(@) PE = ka? = %(2000)(0.}1)2 = 14;14]4
b =144 = ' —— = L :
(b) mgh = "= 0s00sD) ~ 785

Bai tap luyén tap

An electric pump raises 800 kg of water through a height of 12 m every 40s. If the electrical
power supplied to the pump is 3000 W, find the efficiency of the pump.

(A) 21.5% (C) 78.5%
(B) 45.0% (D) 96.0%

Loi giai chi tiét
mgh _ 800(9.81)(12) 94176
- 40 40

Useful power = = 2354 W. Efficiency = 2354/3000 = 0.785 =

78.5%. (C).

Bai tap luyén tap

A cyclist and bicycle (total mass 75 kg) travel at a constant 8.0 m/s along a flat road against a
total resistive force of 30 N.
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(@) Find the mechanical power the cyclist must supply.

(b) If the cyclist’s muscles convert metabolic energy into useful mechanical power at 25% effi-
ciency, find the metabolic power input required.

Loi giai chi tiét

-

(a) At constant velocity, P = Fv = 30(8.0) = |240 W |,

P, 240
(b) Pyt = —momstil_ — 095 = L960W]

efficiency

Bai tap luyén tap

A uniform rod of length 2.0 m and weight 40 N is pivoted at one end and held horizontal by a
vertical force applied at its far end. Find the magnitude of that force.

(A) 10N (C) 40N
(B) 20N (D) 80N

Loi giai chi tiét
The weight acts at the rod’s centre, 1.0 m from the pivot. Torque balance: F(2.0) = 40(1.0) =
F =20N. (B).

Bai tap luyén tap

A uniform beam of mass 12 kg and length 5.0 m rests horizontally on two supports, one at each
end. A 40 kg person stands 1.5 m from the left end. Find the support force at each end.

Loi giai chi tiét

Beam weight = 12(9.81) = 117.7N at the centre (2.5 m from the left end). Person’s weight
= 40(9.81) = 392.4 N at 1.5 m from the left end.
Torques about the left support: N (5.0) = 117.7(2.5)+392.4(1.5) = 294.3+588.6 = 882.9 =

Np =[176.6N|.
Force balance: N; = 117.7 + 392.4 — 176.6 =|333.5N |

Bai tap luyén tap

A figure skater spins with arms extended, moment of inertia 4.0 kg - m2, at angular velocity
2.0rad/s. She then pulls her arms in, reducing her moment of inertia to 1.6 kg - m.

(@) Find her new angular velocity.

(b) Find the ratio of her final to initial rotational kinetic energy, and explain where the extra
energy comes from.

Lai giai chi tiét

4.0(2.0)
(a) Ilwl = IQCUQ — (UQ = 16 = 50 rad/S .

(b) KE, = 1(4.0)(2.0)2 = 8.0J; KB, = 3(1.6)(5.0)> = 20J. Ratio = [2.5] The extra rota-
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tional kinetic energy comes from the internal (muscular) work she does pulling her arms inward
against the centripetal requirement - angular momentum is conserved, but kinetic energy is
not, since an internal force does positive work on the system.

Bai tap luyén tap

A solid sphere (I = %MR2) rolls without slipping down an incline, starting from rest and drop-
ping through a height of 1.5 m. Find its speed at the bottom, and compare it with the speed it
would reach sliding down the same height without friction (and hence without rotating).

Loi giai chi tiet

2
Mgh = LMo + L1uw? = LMo? + L (2MR?) % = 10?4+ 1Mo? = T M2,

10gh  10(9.81)(1.5)  147.2
2 __ — — — —
vi=——= - =— =21.0 = v=[4.58m/s|

Frictionless sliding: v = /2gh = 1/2(9.81)(1.5) = v/29.4 = |5.43m/s | - faster, since none of

its PE is diverted into rotational KE.

Bai tap luyén tap

A spacecraft moves at v = 0.80c relative to Earth. A clock on board measures a proper time
interval of 3.0 s between two events occurring at the same place on the spacecraft. What time
interval do Earth-based observers measure between these same two events?

(A) 1.8s (C) 3.0s

(B) 2.45s (D) 5.0s

Lai giai chi tiét

HI

1 1
T V1-0802 036 0.60

Bai tap luyén tap

A spaceship has a proper length of 120 m and travels past Earth at v = 0.60c.

5 =1.667. At = yAt, = 1.667(3.0) = 5.0s. (D).

(a) Find the Lorentz factor ~.
(b) Find the length of the spaceship as measured by an observer on Earth.

(c) Find the time (measured on Earth) for the spaceship to pass a fixed point on Earth.

L&i giai chi tiét
B 1 1
 V1-0602 064 0.80

L, 120
b)yL=="9=_""={96m|
b) L= =2 = 155 =[06m]
L 96
e — 177 ~ .
€t = = Taoxqos — 038 x107"s

:-

(@)~
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Bai tap luyén tap

A proton (rest mass 1.67 x 1027 kg) moves at v = 0.60c. Find its kinetic energy.

(A) 1.50 x 10719 (C) 1.88 x 10719
(B) 3.76 x 10711 J (D) 7.52 x 10711

Loi giai chi tiet

v =1.25atv = 0.60c. E, =mc* = 1.67 x 10727(3.00 x 108)? = 1.67 x 10727(9.00 x 1016) =
1.503 x 1071°J). KE = (v — 1)E, = 0.25(1.503 x 10710) = 3.76 x 10! J. (B).

Bai tap luyén tap

Twin A stays on Earth. Twin B travels to a star 12 light-years away (as measured in the Earth
frame) at v = 0.80c¢, and returns immediately at the same speed.

(@) Find the total time elapsed for twin A, in the Earth frame.
(b) Find the proper time elapsed for twin B (i.e. twin B's own aging) during the trip.

(c) Briefly explain why it is twin B, and not twin A, who ages less - despite each twin seeing
the other’s clock as "running slow” during the outward and return legs.

Loi giai chi tiet
. . 24 ly
(a) Total distance travelled (there and back) = 24 light-years at v = 0.80c: At = =

0.80c
30.0yr | (using 1 light-year/c = 1 year).

- . At 300
(b) v = 1.667 at v = 0.80c. Twin B’s proper time: At, = ~ T 18.0yr|.

(c) The situation is not symmetric: twin A remains in a single inertial frame for the entire trip,
while twin B must decelerate, turn around, and accelerate back at the distant star, switching
inertial frames. The simple formula At = vAt,, applies unambiguously only from the perspec-
tive of the twin who stays in one inertial frame throughout (twin A); twin B’s frame change
breaks the apparent symmetry, so twin B returns having aged only 18.0 years while twin A has
aged 30.0 years.

Bai tap luyén tap

Two blocks, m; = 4.0kg and m, = 6.0kg, are connected by a light inextensible string over
a light, frictionless pulley (an Atwood machine). Find the acceleration of the system and the
tension in the string.

Loi giai chi tiet

0 (my—my)g  (6.0—-4.0)(9.81) 19.62
Comytmy 10 T

T =m;(g+a) = 4.0(9.814+1.96) = 4.0(11.77) = | 47.1 N | (check: T = my,(g—a) = 6.0(9.81 —
1.96) = 6.0(7.85) = 47.1 N, consistent).

1.96m/s? |
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Bai tap luyén tap

A roller-coaster car enters a frictionless vertical circular loop of radius 12 m.
(@) Find the minimum speed at the top of the loop needed to maintain contact with the track.

(b) Find the corresponding minimum speed required at the bottom of the loop.

L&i giai chi tiét
(@) Vmin.top = /7 = /9.81(12) = V117.7 =|10.9m/s |,
(b) VEoom = Viop + 4gr = 117.7 + 4(9.81)(12) = 117.7 4+ 470.9 = 588.6 = Vpin bottom =

V/588.6 = .

Bai tap luyén tap

A 0.010 kg bullet is fired horizontally into a 2.0 kg wooden block hanging at rest from a light
string. The bullet embeds in the block, and the block+bullet swing upward, rising through a

height of 0.15m.
(@) Find the speed of the block+bullet immediately after the bullet embeds.

(b) Find the initial speed of the bullet.

Loi giai chi tiét

(a) After the collision, only gravity does work as the block swings upward (energy conservation):
3 (Mpiiet + Mlock)V? = (Mpyier + Mplock)gh = v = v2gh = 1/2(9.81)(0.15) = v/2.943 =
1.72m/s|.

(b) The collision itself is perfectly inelastic and very short, so momentum is conserved during
it (gravity’s impulse over such a short time is negligible): mp et = (Mputiet + Mplock )V = U =

(2.010)(1.715)  3.448
= =1345m/s |
0.010 0.010

Bai tap luyén tap

A 1000 kg car, starting from rest, accelerates to 20 m/s in 8.0 s on a level road, against a constant
resistive force of 400 N.
(@) Find the driving force needed from the engine (assumed constant).

(b) Find the distance travelled during this acceleration phase.

(c) Find the work done by the driving force, and the average power output of the engine.

Loi giai chi tiet

o

w2
(@a="2 t L 5 = 25M/s% Fype — f = ma = Fype = ma+ f = 1000(2.5) + 400 =

2500 + 400 = [ 2900 N |
(b) s = L (u+v)t = 1(0+20)(8.0) =[80m]|

W 232000
(€) W = Fyrive s = 2900(80) = |2.32 X 10°J | P, = — = = 2.90 x 10* W | (29 kW).

t

[0¢}
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Bai tap luyén tap

Two trains, each travelling at 25 m/s, approach each other on parallel straight tracks. Find the
rate at which the distance between them decreases (their closing speed), as measured by an
observer on the ground.

(A) Om/s (C) 35m/s
(B) 25m/s (D) 50m/s

Loi giai chi tiét
In the ground frame, the trains move toward each other, so their speeds of approach add

(Galilean velocity addition applied to two objects moving in opposite directions): closing speed
=25+ 25 = 50m/s. (D).

Bai tap luyén tap

A mechanic applies a force of 80 N to the end of a 0.30 m wrench handle, at an angle of 70° to
the handle (not perpendicular to it). Find the torque produced on the bolt.

(A) 24.0N-m (C) 82N -m
(B) 22.6 N-m (D) 27.4N-m

Loi giai chi tiét

7= Frsing = 80(0.30) sin 70° = 24(0.9397) = 22.6N - m. (B).

~ ~

Bai tap luyén tap

A solid sphere (I = 2M R?), a solid disk (I = M R?), and a thin hoop (I = M R?) - all with the
same mass and radius - are released from rest simultaneously at the top of an identical incline
and roll without slipping to the bottom. Which one reaches the bottom first, and why?

(A) The hoop, since it has the largest moment  (C) The sphere, since the smallest fraction of
of inertia its kinetic energy goes into rotation

(B) Thedisk, since its moment of inertiaisex- (D) All three arrive together, since mass and
actly midway between the other two radius are equal

Loi giai chi tiet

2gh
1+ I/(mr?)
speed. Since % < % < 1, the sphere has the smallest ratio, so the largest fraction of its released
gravitational PE becomes translational (rather than rotational) kinetic energy, and it reaches
the bottom first, followed by the disk, then the hoop. (C).

For any rolling shape, v* = : the smaller the ratio I/(mr?), the larger the final

Bai tap luyén tap

A 4.0 kg rifle, initially at rest, fires a 0.020 kg bullet at 400 m/s. Find the recoil speed of the rifle
immediately after firing.
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(A) 0.5m/s (C) 8.0m/s
(B) 2.0m/s (D) 20m/s

Loi giai chi tiét
Total momentum is zero both before and after firing (isolated system, initially at rest):

0.020(400 . .
MpylletUbullet T MrifleVrifle = 0 == Urie = _0.020(400) _ —2.0m/s, i.e. a recoil speed of

2.0m/s in the direction opposite the bullet. (B).

Bai tap luyén tap

A block of mass m; = 4.0kg rests on a frictionless incline at 30° to the horizontal. It is con-
nected by a light string, over a light frictionless pulley fixed at the top of the incline, to a second
block of mass m, = 6.0 kg hanging vertically off the edge.

(@) Find the acceleration of the system.

(b) Find the tension in the string.

Loi giai chi tiét

The hanging block (m,) falls while the block on the incline is dragged up the slope; both accel-
erate at the same magnitude a.

Hanging block (down positive): myg — T = mya.

Block on incline (up-slope positive; the incline is frictionless, so only gravity’s component along
the slope and the tension act along this axis): 7' — m, ¢ sin 30° = ma.

Adding the two equations eliminates 7: myg — m;gsin30° = (m; + my)a.
myg —mygsin30°  6.0(9.81) — 4.0(9.81)(0.500)  58.86 — 19.62 39.24

¢ = My + My - 10 10 10
3.92m/s? |

T = my(g —a) = 6.0(9.81 — 3.92) = 6.0(5.89) = |35.3N|(check: T = m,(a + gsin30°) =
4.0(3.92 + 4.905) = 4.0(8.825) = 35.3 N, consistent).

Bai tap luyén tap

A force-time graph for a hammer strike on a nail is a triangle: the force rises linearly from 0 to
a peak of 200 N over the first 0.020s, then falls linearly back to 0 over the next 0.020s.

(@) Find the impulse delivered, using the area under the graph.

(b) If this impulse acts on a 0.50 kg nail (initially at rest, free to move), find the nail’s speed
immediately afterward.

Loi giai chi tiét
(a) The graph is a triangle of base 0.040s and height 200N: J = area = 1(0.040)(200) =

(a3 s]
b)J=Ap=mv = v:%:%:.
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IB DIPLOMA PROGRAMME . Unit 2

Theme B: The Particulate Nature of
Matter

Muc tiéu Unit: M6 hinh ddng hoc hat cta vat chat va su phan biét giira nhiét do véi ndi nang; nhiét
luong truyén di, nhiét dung riéng, nhiét an riéng va cac cach truyén nhiét (dan nhiét, déi luu, phat xa
nhiét); hiéu (rng nha kinh, dinh luat Stefan-Boltzmann, dinh ludt Wien va mé hinh can bang ning lwong
clia Trai Dat; cac dinh luat chat khi (Boyle, Charles, Gay-Lussac), phwong trinh khi ly twdng va thuyét
dong hoc phan tir chat khi; nhiét dong luc hoc & mirc AHL: dinh luat | va dinh luat Il nhiét dong luc hoc,
hiéu suat déng co nhiét va hiéu suat Carnot; dong dién, suat dién dong, dinh ludt Ohm, dién tr& suat,
mach dién ndi ti€p - song song va mach phan ap.

Theme B examines matter not as a continuous substance but as a vast collection of discrete,
moving particles, and shows how the statistical behaviour of huge numbers of such particles gives
rise to every macroscopic thermal property encountered in everyday life: temperature, pressure, the
flow of heat, the radiation of stars and planets, the behaviour of gases, and, through the motion of
charge carriers, electric current itself. The same particle model that explains why a metal spoon feels
cold to the touch also explains why Venus’s atmosphere traps enough heat to melt lead, and why a
gas cylinder becomes dangerously hot when compressed rapidly.

2.1 B.1 Thermal Energy Transfers

2.1.1 The Particle Model of Matter

All matter is made of particles (atoms, ions, or molecules) in constant motion. The three familiar
states of matter — solid, liquid, gas — differ in how closely the particles are packed, how strongly
they interact, and how freely they move.

In a solid, particles are packed closely in a roughly fixed arrangement, held by strong intermolecu-
lar or interatomic forces; each particle vibrates about a fixed equilibrium position but does not travel
through the material. A solid therefore has a fixed shape and a fixed volume. In a liquid, particles
remain close together (similar average spacing to a solid) but the forces are weaker, so particles can
slide past one another; a liquid has a fixed volume but takes the shape of its container. In a gas, par-
ticles are separated by distances many times their own size, interact only briefly during collisions,
and move freely and rapidly in random directions; a gas has neither a fixed shape nor a fixed volume,
expanding to fill any container.

e o o e * » o
e o o o ° ° o’
e o o e ®° o e
Solid Liquid Gas
fixed positions, close together, widely spaced,

vibrate only slide past each other fast random motion

Particle spacing, arrangement, and motion in the three common states of matter. Average particle spacing and speed
increase from solid to liquid to gas, while the strength of the bonds between particles decreases in the same order.
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Property Solid Liquid Gas
Density high high (similar to solid) very low (~ 1000 x
smaller)
Compressibility essentially incom- essentially incompress- highly compressible
pressible ible
Shape fixed takes shape of container  fills entire container
Volume fixed fixed not fixed

. GIAI THICH TIENG VIET

Ba trang thai cua vat chat khac nhau chu yéu & khodng cach gilra cac hat, luc lién két gilra
chiing, va kiéu chuyén dong. O thé rin, hat xép sat nhau va chi dao ddng quanh vi tri ¢4 dinh
(Iwc lién két manh). O thé 16ng, hat van gan nhau nhung cé thé truot qua nhau (luc y&u hon).
O thé khi, hat cach xa nhau, gan nhu khong tuwong tac trir IGc va cham, va chuyén ddng hon
loan v&i toc do Ién. Day chinh 13 nén tang cha thuyét déng hoc phan tlr sé dung xuyén su6t
ca chuong.

A fourth process, sublimation (solid directly to gas, e.g. solid CO2 “dry ice” at room pressure) and
its reverse, deposition (gas directly to solid, e.g. frost forming from water vapour), occurs when a
substance’s solid and gas phases can coexist without an intervening liquid phase. More generally,
the temperature at which a substance melts or boils is not fixed once and for all: it depends on the
surrounding pressure, which is why water boils below 100°C on a high mountain (lower atmospheric
pressure) and why a sealed pressure cooker, which raises the internal pressure, cooks food faster by
raising water’s boiling point above 100°C.

2.1.2 Temperature, Internal Energy, and Heat

Three closely related quantities are often confused with one another, so it is essential to define each
precisely.

Temperature T is a measure of the average translational kinetic energy of the particles in a
substance. It does not depend on how much substance is present — a cup of boiling water and
a swimming-pool-sized volume of boiling water have the same temperature, because the average
kinetic energy per particle is the same in both.

Internal energy U is the total energy (kinetic and potential) of all the particles in a system. The
kinetic part comes from particles’ translational, rotational, and vibrational motion; the potential part
comes from the intermolecular/interatomic bonds between particles. Because internal energy is a
total, it does depend on the amount of substance present: the swimming pool of boiling water has
vastly more internal energy than the cup, even though both are at the same temperature.

Heat (thermal energy transferred, often written Q) is energy that flows from one body to another
because of a temperature difference between them. Heat is not a property a body “has”; it is energy
in transit, exchanged only while a temperature difference exists.

Temperature is most naturally measured on the Kelvin (absolute) scale, on which 0K (absolute
zero) corresponds to the theoretical state of minimum possible particle kinetic energy, and every
physically meaningful temperature is positive. The more familiar Celsius scale is offset from the
Kelvin scale by a constant, T'(K) = T'(°C) + 273. Because the two scales differ only by a constant
offset, not by a change of scale factor, a temperature difference AT has the same numerical value in
kelvin as in degrees Celsius; but an absolute temperature T', as required by the gas laws, the Stefan-
Boltzmann law, and KFE = %kT later in this chapter, must always first be converted to kelvin.
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Temperature o average kinetic energy per particle (an intensive quantity — independent of
amount).

Internal energy U = > (kinetic energy + potential energy) of all particles (an extensive quan-
tity — depends on amount).

Heat () is energy transferred between bodies due to a temperature difference; it flows spon-
taneously from hotter to colder.

(1) L6i thueng gap: “Heat” and “temperature” are not the same thing, and neither is “hot”
the same as “a lot of energy.” A struck match momentarily reaches a very high temperature but
contains very little total internal energy (few particles); a bathtub of lukewarm water has a much
lower temperature but far greater internal energy (vastly more particles). Never write “heat
of an object” as if heat were a stored quantity — only @, the energy transferred, is meaningful,
and only while a temperature difference drives the transfer.

- GIAI THICH TIENG VIET
Nhiét dé do dong nang trung binh ctia mbi hat — khéng phu thudc vao lugng chat. Néi nang
la téng ddng nang cong thé ning cha toan bd cac hat trong hé — phu thudc vao luong chat.
Nhiét lwgng Q la nang luong duoc truyén di do cé chénh léch nhiét do, khong phai la mét dai
lugng vat thé “chira sdn”. Meo nhé: nhiét do gidng “murc trung binh”, ndi nang giéng “tdng s6
du trong tai khoan”, con nhiét lvong giéng “giao dich chuyén khoan” xay ra khi c6 chénh léch.

2.1.3 Thermal Equilibrium

When two bodies at different temperatures are placed in contact, thermal energy flows sponta-
neously from the hotter body to the colder body (never the reverse, for a spontaneous process).
This transfer continues until both bodies reach the same temperature, at which point they are said
to be in thermal equilibrium: no further net heat flows between them, even though particles con-
tinue to exchange energy at the molecular level in both directions.

Two bodies in thermal equilibrium have equal temperature and zero net heat flow between
them. Left in contact and isolated from their surroundings, any two bodies at different initial
temperatures will always evolve toward a single common final (equilibrium) temperature, never
away from it.

. GIAI THICH TIENG VIET

Can bang nhiét: khi hai vat & nhiét do khac nhau tiép xic, nhiét tu dong truyén tir vat néng
sang vat lanh cho dén khi hai vat cé cung nhiét d6 — lic dé khéng con dong nhiét réng nao
ntra. Day chinh | nguyén ly lam nén cho toan bé cac bai toan nhiét lwgng ké (calorimetry) &
phan sau: nhiét lvong do vat ndng mat di ding bang nhiét lugng vat lanh nhan dugrc.

Thermal equilibrium is the working principle behind every thermometer: a thermometer is left in
contact with an object until the two reach a common temperature, at which point the thermometer’s
own reading (the length of a mercury or alcohol column, the resistance of a sensor, the voltage of a
thermocouple) can be taken as equal to the object’s temperature. A good thermometer is therefore
small compared with the object it measures, so that reaching equilibrium disturbs the object’s own
temperature as little as possible.

2.1.4 Specific Heat Capacity

When a substance is heated (or cooled) without undergoing a phase change, the temperature change
is proportional to the heat added and inversely proportional to the mass present. The constant of

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 55



BENO.}S? Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

proportionality, characteristic of the material, is the specific heat capacity ¢ — the energy required
to raise the temperature of 1 kg of the substance by 1 K.

Q = mc AT,

where @ is the heat transferred (J), m is the mass (kg), c is the specific heat capacity (J kg_1 K_l),
and AT = T, - T, is the temperature change (K or °C — since it is a difference, the size of a
kelvin and a degree Celsius are identical, so AT may be computed directly in either scale).

Substance Specific heat capacity c (J kg71 K
Water (liquid) 4200
Ice 2100
Steam (water vapour) 2010
Aluminium 900
Iron 450
Copper 390
Lead 130

Vi du mAu - Specific heat capacity

Find the heat required to raise the temperature of 3.0 kg of liquid water from 15°C to 75°C.
(Cwater = 42007/ (kg - K).)

Q = me AT = (3.0)(4200)(75 — 15) = (3.0)(4200)(60) = 7.56 x 10°J = 756 kJ.

- GIAI THICH TIENG VIET
Coéng thirc Q = mcAT chi ap dung khi vat khéng d6i trang thai (khdng nong chay, khong
s6i) — néu khong, nhiét do sé tang/gidm lién tuc theo Q. Nudc co nhiét dung riéng rat Ion
(4200 Jkg 'K ') so v&i hau hét kim loai — day 13 Iy do nuéc bién/hd diéu hoa khi hau tét hon
dat lién: cing mét luong nhiét, nuwde thay déi nhiét dé6 cham hon nhiéu.

This property has large practical consequences. Metals with a low specific heat capacity (copper,
iron, aluminium) heat up and cool down quickly, which is useful in cookware that must respond
rapidly to changes in stove temperature. Substances with a high specific heat capacity, above all
water, resist temperature change, which is exploited in cooling systems (car radiators, power-station
cooling towers) and explains why coastal regions experience milder, more stable temperatures across
the seasons than inland regions at the same latitude, since the adjacent ocean absorbs or releases
large amounts of thermal energy for only a small change in its own temperature.

2.1.5 Specific Latent Heat

During a phase change (melting, freezing, boiling, condensing, sublimating), a substance absorbs or
releases thermal energy without any change in temperature. All of the energy exchanged goes into
breaking (or forming) the intermolecular bonds that hold particles in their arrangement — that is, into
changing the potential energy component of the internal energy, not the kinetic energy component
that temperature measures.

The specific latent heat of fusion L is the energy per unit mass needed to change a substance
between solid and liquid (melting or freezing) at constant temperature. The specific latent heat
of vaporization L, is the energy per unit mass needed to change a substance between liquid and
gas (boiling/evaporating or condensing) at constant temperature. For a given substance, L, is always

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 56



BENO.}SHO Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

substantially larger than L ;, because vaporization must overcome essentially all of the intermolecular
attraction (particles separate to gas-like distances), whereas fusion only needs to loosen the rigid
fixed arrangement of a solid into the more mobile arrangement of a liquid.

Q@ =mL,

where L is the specific latent heat of fusion L ; (melting/freezing) or of vaporization L, (boil-

ing/condensing), in J kg_l. Unlike Q = mcAT, there is no AT term — temperature is constant
throughout the phase change.

Process (water, at 1 atm) Specific latent heat (J kg_l)
Fusion: ice « liquid water, at 0°C L;=3.34x10°
Vaporization: liquid water «+» steam, at 100°C L, =226 x 10°

() Li thueng gap: A very common error is to apply Q = mcAT across a phase change, or to
assume temperature keeps rising while ice melts or water boils. Remember: while a substance
is changing phase, T is exactly constant and Q = m L applies; before and after the phase change
(while it is entirely solid, entirely liquid, or entirely gas), T' changes and Q = mcAT applies.
A multi-stage problem (e.g. ice below 0°C turning into steam above 100°C) must be split into
separate stages, each governed by the correct formula.

IAI THICH TIENG VIET
G c G VIE

Trong qua trinh chuyén thé (néng chay, hoa hoi...), nhiét dé khéng d&i du van cé nhiét lvong
truyén vao/ra — toan bé nang lugng dung dé pha v& (hoac hinh thanh) lién két gilra cac hat,
tire 1a thay d6i thé nang, khéng phai ddng nang. Vivay cdng thirc chuyén sang Q = mL (khéng
c6 AT). L, ludn Ién hon L nhiéu [an vi hod hoi can tach hat ra xa nhau hoan toan, con néng
chay chi can lam hat “long |éo” hon mot chut.

Evaporation provides a familiar cooling mechanism even well below a liquid’s boiling point: at
any temperature, a small fraction of surface molecules move fast enough to escape into the vapour
phase, and these escaping molecules carry away above-average kinetic energy, leaving the remaining
liquid with a lower average kinetic energy, and hence a lower temperature. This is the physical basis
of sweating as a cooling mechanism, and of evaporative (“swamp”) coolers used in hot, dry climates.

2.1.6 The Heating Curve: Warming and Phase Changes

Combining specific heat capacity and specific latent heat produces the characteristic heating curve
of a substance: a graph of temperature against heat added, showing alternating sloped segments
(single-phase warming, governed by Q = mcAT) and flat plateaus (phase changes, governed by
@ = mL, at constant T').
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1 /
100 boiling
(liquid — gas)
o .
= heating
() . .
5 liquid yater
s
g heating
% ice
|_
0 Irime ting
~10 id - liquid)
0 355 775 3,035

Heat added, Q (kJ)

Temperature of 1.0 kg of H20 as heat is added steadily, starting as ice at —10°C. Temperature stays constant on the two
plateaus (melting, boiling) — all incoming energy there breaks intermolecular bonds rather than raising kinetic energy.

Vi du mau - The full heating curve

Find the total heat required to convert 1.0kg of ice at —10°C into steam at 100°C. Use ¢;,. =
2100J/(kg - K), L; = 3.34 x 10° J/Kg, ¢ pqrer = 4200J/ (kg - K), L, = 2.26 x 10° J/ke.
Stage 1 — warm ice from —10°C to 0°C:

Q, = me,; AT = (1.0)(2100)(10) = 2.1 x 10*J = 21 kJ.
Stage 2 — melt the ice at 0°C:
Qo =mL; = (1.0)(3.34 x 10°) = 3.34 x 10° J = 334kJ.
Stage 3 — warm liquid water from 0°C to 100°C:
Q3 = MCypurer AT = (1.0)(4200)(100) = 4.2 x 10° J = 420 kJ.
Stage 4 — boil the water at 100°C:
Q, =mL, = (1.0)(2.26 x 10%) = 2.26 x 10%J = 2260 kJ.
Total:
Quotal = Q1 + Qa + Q3 + Q4 = 21 + 334 4 420 + 2260 = 3035kJ ~ 3.0 x 10°J.

Notice boiling alone (Q,) consumes nearly three-quarters of the total energy — a direct con-
sequence of L, > L.

Vi du miu - Removing heat: freezing and further cooling

Find the heat that must be removed to freeze 2.0 kg of liquid water at 0°C into ice at 0°C, and
then cool that ice further down to —15°C.

Q frecze =MLy = (2.0)(3.34 x 10°) = 6.68 x 10°J.
Qoor = Moo AT = (2.0)(2100)(15) = 6.3 x 10* J.
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Quotar = Q frecse + Quoot = 6.68 x 10° 4+ 6.3 x 10* ~ | 7.31 x 10° J removed |

Every stage of a heating curve works equally well in reverse: the same Q = mcAT and Q) = mL
relations apply, only with heat leaving the substance instead of entering it.

GIAI THICH TIENG VIET

Duong cong dun nong (heating curve) 1a bl tranh tong hop: doan déc dung Q@ = mcAT
(nhiét d6 d6i), doan nam ngang dung Q = mL (nhiét dd khéng déi, dang chuyén thé). Bai toan
nhiéu giai doan (da lanh — hoi nuéc) phai tach riéng tirng doan roi cong lai — khéng dugc gop
chung mét cong thirc.

2.1.7 Calorimetry

When two substances at different temperatures are mixed inside an insulated container (a calorime-
ter, ideally exchanging no energy with the outside world), energy conservation demands that the

thermal energy lost by the hotter substance exactly equals the thermal energy gained by the colder
substance, until both reach a single common final temperature.

Qlost by hot — ngzined by cold = MpotChot (Thot - Tf) = mcoldccold(Tf - Tcold)?

where T'; is the common final (equilibrium) temperature. If a phase change occurs during the
mixing, the corresponding m L term must be added to the appropriate side.

Vi du mAu - Calorimetry

A 0.20 kg block of metal at 150°C is dropped into 0.50 kg of water at 20°C inside an insulated
calorimeter. The mixture reaches a final temperature of 25°C. Find the specific heat capacity
of the metal. (¢, e, = 4200J/ (kg - K).)

Heat gained by the water:

Quater = MuCy(Ts — T, ;) = (0.50)(4200)(25 — 20) = (0.50)(4200)(5) = 1.05 x 101J.
Heat lost by the metal equals heat gained by the water:
My (T i = T5) = Quparer = (0.20)c,,, (150 —25) = 1.05 x 10* = (0.20)c,,(125) = 1.05 x 10™.

25¢,, = 1.05 x 10* = ¢,,, = 420J/(kg - K).

Vi du miu - Mixing three substances

0.30 kg of aluminium (¢ = 900J/(kg - K)) at 90°C, 0.50 kg of water (¢ = 4200J/(kg - K)) at 10°C,
and 0.20 kg of copper (¢ = 390J/(kg - K)) at 60°C are combined in an insulated calorimeter.
Find the final equilibrium temperature.

Using > m,c,(Ty — T;) = 0 for all three substances simultaneously:
(0.30)(900)(T; — 90) + (0.50)(4200)(T; — 10) + (0.20)(390)(T; — 60) = 0.

270(T — 90) + 2100(T; — 10) + 78(T; — 60) = 0.
(270 + 2100 + 78)T; = (270)(90) + (2100)(10) + (78)(60) = 24300 + 21000 + 4680 = 49980.
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2448 T = 49980 = T; ~[20.4°C|

The result lies closest to water's initial temperature, since water contributes by far the largest
mc product (2100, versus 270 and 78 for the two metals) and therefore dominates the energy
balance.

(1) L6i thuerng gap: The most common calorimetry error is a sign mistake in AT": always subtract
so that the hot object’s AT (initial minus final) and the cold object’s AT (final minus initial)
are both positive quantities, then set the two heat magnitudes equal. Writing a single signed
equation with both objects’ AT defined the same way (e.g. both as T — T;) and setting the
sum to zero, > m,c,(Ty —T; ;) = 0, avoids the sign confusion entirely and generalizes cleanly
to three or more substances mixed together.

. GIAI THICH TIENG VIET

Bai toan nhiét lwgng ké luén dua trén bao toan nang lwong: nhiét do vat ndng toa ra = nhiét
do vat lanh thu vao (gia sir khdng mat nhiét ra ngoai). Cach an toan nhat dé tranh nham dau:
Viét 3 m,c; (T — T pan dau) = 0 cho tat ca cac vat cung luc, roi giai ra T, — khéng can tu phan
biét vat nao “mat”, vat nao “nhan” nhiét.

Problem-solving strategy: calorimetry with a possible phase change

¢ |dentify every substance present, together with its mass, initial temperature, and initial
phase.

e Decide whether the final state might involve a phase change for any substance (e.g. ice
that fully or partially melts) — if the problem does not state the final temperature, it may
be necessary to check whether a proposed final temperature is physically consistent (e.g.
that not more ice melts than is actually present).

e Write one energy term per substance and per stage, using Q = mcAT within a single
phase and ) = mL for any phase change, then apply conservation of energy: total heat
lost equals total heat gained.

e Solve algebraically for the unknown quantity, whether that is a final temperature, an un-
known mass, or an unknown specific heat or latent heat.

2.1.8 Modes of Heat Transfer: Conduction, Convection, and Radiation

Thermal energy moves from a hotter region to a colder region by three distinct physical mechanisms.

Conduction is the transfer of thermal energy through direct particle-to-particle collisions, with
no bulk motion of the material itself. Faster-vibrating (hotter) particles collide with slower neighbours
and transfer kinetic energy to them; the disturbance propagates through the material without any
particle travelling far from its original position. Conduction is most effective in solids (especially
metals, where free electrons carry energy efficiently) and least effective in gases (particles are far
apart, so collisions are infrequent).

Convection is the transfer of thermal energy by the bulk movement of a fluid (liquid or gas).
When part of a fluid is heated, it expands, becomes less dense, and rises; cooler, denser fluid sinks
to take its place, setting up a circulating convection current that carries thermal energy along with
the moving fluid itself. Convection requires a fluid that is free to move (it does not occur in rigid
solids).

Radiation is the transfer of thermal energy by electromagnetic waves, emitted by all objects with
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temperature above absolute zero. Unlike conduction and convection, radiation requires no medium
at all — it is the only mechanism by which energy can cross a vacuum, which is how essentially all of
the Sun's energy reaches Earth.

For steady-state conduction through a uniform slab of thickness d and cross-sectional area A,
with a temperature difference AT across it, the rate of heat conduction (power) is

_ KAAT
— =,

P

where £ is the thermal conductivity of the material (W m~!K ') — a material property de-
scribing how readily it conducts heat. P increases with larger k, larger A, or larger AT, and
decreases with larger thickness d.

In construction and engineering, the insulating property of a layer of material is often quoted
as its thermal resistance (or R-value), R = d/k — the reciprocal of the quantity appearing in the
conduction formula above. A larger R-value means a better insulator, and the R-values of several
layers combined in series (e.g. brick, insulation, and interior cladding in a wall) simply add, R,,,,; =
R, + R, + -+, directly analogous to resistors connected in series, met again in Section B.5.4.

cross-sectional area A

Y

Hot side Cold side
T, (hotter) T, (colder)

Y

Y

thickness d

Conduction of thermal energy through a slab of thickness d and cross-sectional area A: faster-vibrating particles on the
hot side (T, ) collide with and pass energy to slower neighbours, carrying energy down the temperature gradient toward
the cold side (T5).

Mode Mechanism Medium needed? Typical example

Conduction particle-particle collisions, Yes (solid/liquid/gas) heat travelling along a
kinetic energy passed metal spoon left in a
along; no bulk motion hot pan

Convection bulk movement of a fluid; Yes (fluid only) convection currents
warmer, less dense fluid heating a room; boil-
rises, cooler fluid sinks ing water

Radiation emission/absorption of No — works through vacuum solar energy travel-
electromagnetic waves ling to Earth through

space

Materials differ enormously in thermal conductivity k: metals, with mobile free electrons avail-
able to carry energy, conduct heat far more readily than non-metals, and gases, with widely-spaced,
weakly-interacting particles, conduct heat very poorly — which is why trapped, still air layers (in
fibreglass insulation, double-glazed windows, or a winter coat) make effective thermal insulators.
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Material Thermal conductivity & (Wm—'K ')
Copper 385

Aluminium 205

Glass 0.80

Water (liquid) 0.60

Wood 0.15

Expanded polystyrene (foam) 0.033

Air (still) 0.024

Vi du miu - Conduction through a window pane

A single-pane glass window has area 1.5m?, thickness 4.0 mm, and thermal conductivity
k = 0.80 W/(m - K). If the inside temperature is 22°C and the outside temperature is 5.0°C,
find the rate of heat conduction through the pane.

_ KAAT _ (0.80)(1.5)(22—50) _ (080)(1L5)(A7) _ 204 _ o\

P =
d 0.0040 0.0040 0.0040

GIAI THICH TIENG VIET
Ba cach truyén nhiét: dan nhiét (va cham giira cac hat, khong can di chuyén khéi chat — xay ra
t6t nhat trong chat ran/kim loai); déi luu (ca khdi chat 1ong/khi di chuyén do chénh [éch mat
dd — chi xay ra trong chat luu); birc xa nhiét (séng dién tlr, khdng can mdéi trudong — truyén
duoc ca trong chan khong, vi du nang lugng Mat Troi dén Trai Dat). Cong thirc P = kAAT /d
chi 4p dung cho dan nhiét qua mét tdm phing & trang thai én dinh.

2.2 B.2 The Greenhouse Effect

2.2.1 Blackbody Radiation and the Stefan-Boltzmann Law

Every object with a temperature above absolute zero emits electromagnetic radiation from its sur-
face, with the total power radiated increasing sharply as temperature rises. An idealized perfect
emitter (and perfect absorber) of radiation is called a blackbody. The power radiated by a blackbody
is described by the Stefan-Boltzmann law.

P =cAT* (perfect blackbody), P =coAT* (real object),

where P is the radiated power (W), o = 5.67 x 10~® W/(m? - K#) is the Stefan-Boltzmann con-
stant, A is the surface area (m?), T is the absolute (kelvin) temperature, and ¢ is the emissivity
of the surface (0 < ¢ < 1), which equals 1 for a perfect blackbody and is smaller for surfaces
that emit (and absorb) less efficiently than an ideal blackbody. Because power depends on 7%,
even a modest change in temperature causes a large change in radiated power.

Emissivity depends strongly on a surface’s material and texture: a matte black surface absorbs
and emits radiation very efficiently (¢ ~ 0.95), while a polished, shiny metal surface reflects most
incident radiation and therefore also emits poorly (¢ ~ 0.05) — which is why a polished metal thermos
flask retains a hot drink’s heat far better than a matte black flask would at the same temperature and
size.
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Vi du mAu - Stefan-Boltzmann law

A small sphere of radius 0.10 m is at a uniform temperature of 500 K. (a) Treating it as a perfect
blackbody, find the power it radiates. (b) If its actual emissivity is ¢ = 0.80, find the actual
power radiated.

Surface area of a sphere: A = 47R? = 47(0.10)% = 0.1257 m?.
(a)

P =0AT* = (5.67 x 107%)(0.1257)(500)* = (5.67 x 107)(0.1257)(6.25 x 1019) ~ 445 W.

(b)

P,y = cP = (0.80)(445) ~ 356 W.

- GIAI THICH TIENG VIET
Dinh luat Stefan-Boltzmann: moi vat cé nhiét do trén dé khéng tuyét déi déu birc xa ndng
luong, véi cong suat ti lé véi T4 — ting nhiét do gap doi lam céng suat birc xa tang gap 16 [an!
Vat den tuyét d6i (¢ = 1) Ia m6 hinh ly tudng; vat that luén c6 e < 1, blrc xa it hon vat den
cung dién tich, cung nhiét do.

Vi du mau - Comparing radiated power at two temperatures

A metal plate at 600 K and an identical plate (same area, same emissivity) at 300 K both radiate
as blackbodies of the same type. Find the ratio of the power radiated by the hotter plate to
the power radiated by the cooler plate.

Since P = e AT* with € and A identical for both plates, they cancel in the ratio:

4 4
P600 T600 (60()) 4
—_— _— = —_— = 2 == 16 .

T300

Doubling the absolute temperature of a radiating object multiplies its radiated power by a
factor of 16 — this steep T* dependence is why even a modest temperature increase can dra-
matically increase radiative heat loss (or gain).

2.2.2 Wien's Displacement Law

A blackbody does not radiate all its energy at a single wavelength; it emits a continuous spectrum,
with the intensity peaking at a particular wavelength ), .. that depends only on the object’s absolute
temperature. Wien's displacement law states that this peak wavelength is inversely proportional to
temperature: hotter objects radiate most strongly at shorter wavelengths, cooler objects at longer
wavelengths.

Maed =0, b~ 2.90x 1073 m-K (Wien’s constant).

Vi du mau - Wien’s law for the Sun and Earth

(@) The Sun’s surface temperature is about 5800 K. Find its peak emission wavelength. (b)
Earth’s average surface temperature is about 288 K. Find its peak emission wavelength.

()

b 2.90x 1073 _
)\mam:?:W:5.0X 10 7m:500nm,
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which lies in the visible spectrum (green-ish light) — consistent with the Sun appearing bright
white/yellow to our eyes.
(b)
N o b 290 1073
maz 288
which lies deep in the infrared — far too long a wavelength for human eyes to detect, which is
why Earth’s own thermal radiation is invisible to us even though it carries real energy.

=1.0x10°m = 1.0 x 10* nm ~ 10 um,

(1) L6i thuong gip: Do not mix up the direction of Wien’s law: higher temperature means
shorter peak wavelength (they are inversely proportional, not directly proportional). A very
common slip is to say “the Sun is hotter, so it has a longer peak wavelength” — the opposite is
true: the Sun (hot, 5800 K) peaks at a short visible wavelength, while Earth (cool, 288 K) peaks
at a much longer infrared wavelength. This is exactly why Earth can absorb short-wavelength
sunlight but re-emit long-wavelength infrared — the physical basis of the greenhouse effect
below.

- GIAI THICH TIENG VIET
Dinh luat Wien: \,,,,T = hang sé — vat cang néng thi dinh phé blrc xa cang dich vé budc
séng ngan hon. Mat Troi rat néng (5800 K) nén dinh phé roi vao viing anh sang nhin thay; Trai
D3t mat hon nhiéu (288 K) nén dinh phé roi vao ving héng ngoai (mat ngudi khong thay dugc).
Su khac biét budc song nay chinh 1a chia khoa gii thich hiéu &rng nha kinh & phan B.2.4.

Wien'’s law has direct practical applications. Astronomers estimate a star’s surface temperature
purely from the colour (peak wavelength) of the light it emits, without ever needing to visit the star:
a blue-white star is hotter than a red star, since blue light has a shorter wavelength than red light.
The same principle underlies thermal-imaging cameras, which detect the infrared radiation naturally
emitted by objects near room temperature (peaking, by Wien's law, in the infrared, invisible to the
naked eye) and convert it into a false-colour visible image that displays temperature differences
directly.

2.2.3 Solar Intensity, Albedo, and the Planetary Energy Balance

The power per unit area arriving from the Sun at Earth’s average distance is called the solar constant
(or solar intensity), S ~ 1360 W/m2. Not all of this incoming radiation is absorbed: a fraction is
reflected straight back to space by clouds, ice, and the surface itself. This reflected fraction is the
planet’s albedo, a (a dimensionless number between 0 and 1); Earth’s average albedo is about 0.30,
meaning about 30% of incoming sunlight is reflected and 70% is absorbed.

To find the planet’s equilibrium temperature (assuming, for now, no atmosphere), balance the
power absorbed against the power emitted. Sunlight is essentially parallel rays, so the planet inter-
cepts them over its cross-sectional (disc) area mR?, where R is the planetary radius; but the planet
radiates from its entire spherical surface, area 47 R2.

Absorbed power: P,,. = (1 — a)S mR?. Emitted power (blackbody): P, ., = o (47R?)T*. At
thermal equilibrium, P, = P, ...
-8 v

(1—a)STR?2 = 47rR%0T* = T = [ 1
o

Notice the planetary radius R cancels completely — the no-atmosphere equilibrium tempera-
ture depends only on the solar intensity .S, the albedo a, and fundamental constants.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 64



859359 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

emitted
to space

——————————————————————— - - - - - - atmosphere
re-emitted

to surface

Earth’s surface

Simplified planetary energy-balance diagram. Incoming shortwave solar radiation is partly reflected (albedo) and partly
absorbed at the surface. The warmed surface re-radiates longwave infrared; greenhouse gases absorb part of it and
re-emit it in all directions, sending some back down and raising the equilibrium surface temperature above the simple
no-atmosphere value.

Vi du mau - Earth’s no-atmosphere equilibrium temperature

Using S = 1360 W/m? and albedo a = 0.30, estimate Earth’s equilibrium temperature if it had
no atmosphere.

o [0=a)s Y51 070)(a360) 1 [ 952 ]1/4 ~ 1420 % 107
o 4(5.67 x 10-5) 2.268 x 107 ' '

T ~ 255K ~ —18°C.

This is well below Earth’s actual observed average surface temperature (about 288 K, 15°C) —
the ~ 33 K difference is exactly what the atmosphere’s greenhouse effect supplies, as discussed
next.

. GIAI THICH TIENG VIET

M6 hinh can bang nang luong: & trang thai can bang, cdng suat hap thu = cong suat phat xa.
Dién tich hap thu dnh sdng Mat Troi 13 tiét dién dia mR? (vi anh sang téi song song), con dién
tich phat xa 13 toan bé mat cdu 47 R? — hé s6 4 trong cong thirc dén tir ti 1€ dién tich nay. Két
qua tinh dugc cho Trai Dat khéng khi quyén (=~ 255 K ~ —18°C) lanh hon nhiéu so v&i thuc té
(~ 288 K ~ 15°C) — chénh léch chinh Ia do hiéu &rng nha kinh.

Vi du miu - Venus: an extreme real-world greenhouse effect

Venus receives a much higher solar intensity than Earth, S ~ 2600 W/m?, but also has a very
high albedo, a ~ 0.75 (its thick cloud cover reflects most incoming sunlight). Estimate its
no-atmosphere equilibrium temperature, and compare it with its actual measured surface
temperature of about 735 K.

o [A=as1"" T (0.25)(2600) 1/4_[ 650 ]1/4~\231K~_42°c\
T 40 T 14(5.67 x10°8) ]  [2.268 x 10 7] — '

This predicted no-atmosphere temperature is actually colder than Earth’s (Venus’s very high
albedo more than compensates for its closeness to the Sun), yet Venus's actual surface tem-
perature is about 735K (462°C) — roughly 500 K hotter than the simple model predicts. This
enormous discrepancy is caused by Venus's atmosphere, which is over 96% CO2 at a surface
pressure about 90 times Earth’s, producing a runaway greenhouse effect. Venus stands as di-
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rect observational evidence that an atmosphere’s composition, not merely a planet’s distance
from its star, ultimately controls its surface temperature.

] No-atmosphere prediction B 1 Actual surface temperature

800 | | | |

600 |- I

400 |-

Temperature (K)

200 -

Mercury Mars Earth Venus

Predicted no-atmosphere equilibrium temperature versus actual measured surface temperature, for four planets.
Mercury and Mars (negligible atmospheres) closely match the simple model; Earth’s natural greenhouse effect adds
about 33 K; Venus's runaway CO2 greenhouse effect adds roughly 500 K.

2.2.4 The Enhanced Greenhouse Effect and Climate Feedbacks

The simple no-atmosphere model above ignores a crucial detail: Earth’s atmosphere is largely trans-
parent to the incoming shortwave solar radiation (visible light passes through easily) but strongly ab-
sorbs some wavelengths of the outgoing longwave infrared radiation that the warmed surface emits.
Gases capable of this selective absorption — principally carbon dioxide (CO2), methane (CH4), and
water vapour (H20) — are called greenhouse gases. Molecules of these gases absorb outgoing in-
frared photons and then re-emit the energy in all directions, including back down toward the surface.
This “re-emission downward” delivers extra energy to the surface beyond what direct sunlight alone
provides, raising the equilibrium surface temperature above the simple no-atmosphere value calcu-
lated previously. This natural warming (the natural greenhouse effect) is essential to life on Earth;
the enhanced greenhouse effect refers to the additional warming caused by human-driven increases
in greenhouse gas concentrations, which shifts the whole system toward a new, higher equilibrium
temperature.

Core mechanism: incoming solar radiation is mostly shortwave (peaks in the visible, per Wien'’s
law, since the Sun is hot) and passes through the atmosphere largely unimpeded; outgoing
radiation from Earth’s surface is mostly longwave infrared (peaks in the IR, since Earth is cool),
and greenhouse gases selectively absorb and re-emit much of this outgoing IR, some of it back
toward the surface. More greenhouse gas = more absorption/re-emission of outgoing IR =
higher equilibrium surface temperature.

A further complication is that the climate system contains feedback loops that can amplify (pos-
itive feedback) or dampen (negative feedback) an initial warming or cooling. Two important positive
feedbacks: the ice-albedo feedback — as rising temperatures melt reflective ice/snow, the darker
surface exposed underneath (ocean or bare ground) absorbs more sunlight, causing further warming
and further melting; and the water vapour feedback — warmer air can hold more water vapour (itself
a potent greenhouse gas), so initial warming increases atmospheric water vapour, which traps more
outgoing IR and causes further warming.
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Not all greenhouse gases contribute equally: their warming effect depends on how strongly each
gas absorbs infrared radiation and on how long it persists in the atmosphere before being removed
by natural processes.

Gas Principal source Approx. atmospheric lifetime
Carbon dioxide, CO2 fossil fuel combustion, deforesta- centuries
tion
Methane, CH4 agriculture, livestock, natural gas ~ 12 years
leaks
Water vapour, H20  evaporation, strongly amplified days
by feedback rather than emitted
directly

Itis worth noting that the everyday glass greenhouse after which the atmospheric effect is named
actually traps heat mainly by a different mechanism: its glass walls and roof physically block convec-
tion, preventing warm air inside from rising away and mixing with cooler air outside, rather than
primarily through the selective infrared absorption described above. The atmospheric greenhouse
effect is therefore a useful analogy rather than an exact physical parallel to a garden greenhouse.

. GIAI THICH TIENG VIET

Hiéu (rng nha kinh tu nhién |3 can thiét cho su séng (néu khong cé nd, Trai Dat sé lanh hon
thuc té€ khoang 33 K). Co ché: khi nha kinh (CO2, CH4, hoi nuwdc) hdu nhu trong sudt véi anh
sang Mat Troi (budc séng ngan) di vao, nhung lai hap thu manh birc xa héng ngoai (budc séng
dai) ma Trai D4t phat ra, réi phat xa lai mot phan xuéng mat dat — [dm nhiét do can bang ting
[én. Hiéu (rng nha kinh tang cuwong la phan tdng thém do con ngudi thai thém khi nha kinh.
Céac vong phan hoi (feedback) nhu bang tan lam gidm suat phan chiéu (albedo), hodc khéng khi
am hon gitr dugc nhiéu hoi nudc hon, déu khuéch dai xu huédng néng [én ban dau.

2.3 B.3 The Gas Laws and Kinetic Theory

2.3.1 Boyle'’s Law, Charles’s Law, and Gay-Lussac’s Law

For a fixed mass (fixed number of moles n) of gas, experiments show three simple relationships hold
between pressure P, volume V, and absolute temperature T', each valid when the remaining variable
is held constant.

Boyle's law: at constant temperature, pressure and volume are inversely proportional. Charles’s
law: at constant pressure, volume is directly proportional to absolute temperature. Gay-Lussac’s law
(the pressure law): at constant volume, pressure is directly proportional to absolute temperature.
All three combine into a single relationship valid for any fixed mass of gas undergoing any change of
state.

Each law has a simple qualitative explanation in terms of the kinetic theory of gases, developed
fully in Section B.3.3: compressing a gas at constant temperature (Boyle's law) packs the same num-
ber of molecules into a smaller volume, so they strike the container walls more frequently, raising
pressure; heating a gas at constant pressure (Charles’s law) increases the average molecular speed,
so the gas must occupy a larger volume for wall collisions to still deliver the same pressure; and heat-
ing a gas at constant volume (Gay-Lussac’s law) increases molecular speed without allowing extra
room, so each wall collision is harder and more frequent, raising pressure directly.
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hW bW
Tl - T2
P,V P,V. .
L1272 (combined gas law, fixed n).
Tl T2
Temperature must be in kelvin in all of these relationships (they express direct/inverse propor-
tionality with absolute zero as the true origin).

Vi du miu - The combined gas law

A fixed mass of gas has P, = 1.0 x 10° Pa, V; = 2.0 x 1073 m3, T} = 300 K. It is compressed to
V, = 1.2 x 1073 m? and heated to T}, = 350 K. Find the new pressure P,.

2 P.
PV, = P,V, (T,n const.), (P,n const.), ?1 = ?2 (V,n const.),
1 2

PV, _ RV, . p PViT, (10X 10%)(2.0 x 1073)(350) _T0x 104
20T, (300)(1.2 x 10-3) 0.36

Tl T2
P, ~ 1.94 x 10° Pa.

(!) Léi thuong gap: Always convert Celsius temperatures to kelvin (T'(K) = T'(°C) +273) before
using any of the gas laws — P,V; = P,V,-type ratio equations only work with an absolute
temperature scale, since they rely on temperature being directly/inversely proportional with
a true zero. Plugging Celsius values directly into V, /T, = V,/T, (etc.) is one of the most
frequent errors in gas-law problems.

- GIAI THICH TIENG VIET
Ba dinh luat chat khi: Boyle (PV = const khi T' khéng d6i), Charles (V /T = const khi P khong
d6i), Gay-Lussac (P/T = const khi V khong d6i) — gop lai thanh dinh luat chat khi téng quat
PV, /T, = P,V,/T, cho mét lugng khi ¢ dinh. Luén d&i nhiét do sang Kelvin truéc khi thay
s6 — day 1a 16i sai phé bién nhat trong dang bai nay.

2.3.2 The Ideal Gas Equation

The combined gas law describes how P, V, T change relative to one another for a fixed amount of
gas; the ideal gas equation extends this into a single equation of state valid for any amount of an
ideal gas, introducing the amount of substance explicitly.

PV =nRT or equivalently PV = NEkT,

where n is the amount of gas in moles, R = 8.31J/(mol - K) is the universal (molar) gas con-
stant, N is the number of individual gas particles (molecules), and k& = 1.38 x 10723 J/K is the
Boltzmann constant. The two forms are linked by

N =nN,, N, =6.02 x 10 mol ' (Avogadro’s number),

and indeed R = N 4k (check: (6.02 x 10%%)(1.38 x 10~%%) ~ 8.31 J/(mol - K), consistent).

Vi du miu - The ideal gas equation

A rigid container of volume 0.025 m® holds gas at pressure 2.0 x 10° Pa and temperature 300 K.
Find (a) the number of moles of gas present, and (b) the number of individual gas molecules.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 68



859359 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

(a)
o PV (2.0 x10°)(0.025) 5000

T RT ~ (831)(300) 2493

2.0 mol.

(b)
N =nN, = (2.0)(6.02 x 10?3) ~ 1.2 x 10?* molecules.

Vi du miu - Molar mass from density

A gas sample has density p = 1.25 kg/m? at pressure 1.01 x 10° Pa and temperature 290 K. Find
its molar mass.

Since n = m/M, the ideal gas equation PV = nRT becomes PV = (m/M)RT, so PM =
(m/V)RT = pRT, giving

pRT  (1.25)(8.31)(290) 3012
p 1.01 x 105 1oL < 105 ~ 0-0298 kg/mol = | 29.8 g/mo

This value is very close to the average molar mass of ordinary air (~ 29 g/mol, reflecting its
composition of roughly 78% N2 and 21% 02), so the sample is consistent with being air at
everyday conditions.

- GIAI THICH TIENG VIET
Phuong trinh khi ly tuéng PV = nRT (theo s6 mol) va PV = NET (theo sé hat) la hai cach
viét ciia cing mét dinh luat, lién hé qua N = nN, va R = N k. Nh&: n do bang mol, N do
bang s6 hat (mét s6 rat 1on, c& 10%3-1024) — dirng nham hai dai lugng nay véi nhau khi thay
vao cong thirc.

A useful reference point is standard temperature and pressure (STP), conventionally T = 273 K
(0°C) and P = 1.00 x 10° Pa (close to 1 atmosphere). The volume occupied by exactly one mole of
any ideal gas at STP follows directly from the ideal gas equation:

nRT  (1)(8.31)(273) 2268
= = = ~ 2.2 1072m3 =22.7L
Ym ="p 1.00 x 105 1.00 x 10° 7> 107 m L
independent of which gas is being considered — a striking consequence of the ideal gas model, since
V., depends only on the number of particles present, never on their individual size or mass.

2.3.3 Kinetic Theory Assumptions and the Origin of Pressure

The kinetic theory of gases models a gas microscopically as a very large number of tiny particles in
constant, random motion, and derives the macroscopic gas laws from Newtonian mechanics applied
to those particles. The model rests on a set of simplifying assumptions.

Assumptions of the kinetic theory of an ideal gas

e The gas consists of a very large number of identical particles (atoms or molecules), each of
negligible volume compared with the volume of the container (treated as point particles).

e Particles move in continuous, random directions with a range of speeds, obeying Newto-
nian mechanics.

e Collisions between particles, and between particles and the container walls, are perfectly
elastic (kinetic energy is conserved in each collision, though it can be redistributed between
colliding particles).

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 69



BENO.}SHO Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

e There are no intermolecular forces between particles except during the brief instant of
collision — particles travel in straight lines between collisions.

e The time spent in collisions is negligible compared with the time spent travelling freely
between collisions.

On this model, gas pressure arises entirely from the enormous number of collisions between gas
particles and the walls of their container: each collision delivers a tiny impulse to the wall, and the
combined effect of billions of such collisions per second, spread over the wall’s area, produces a
steady, measurable macroscopic force per unit area.

. GIAI THICH TIENG VIET

Thuyét déng hoc phan tir dua trén cac gia dinh: hat khi 13 chat diém, chuyén déng hon loan
tuan theo co hoc Newton, va cham dan héi hoan toan, khéng co luc twong tac gilra cac hat
trr IGc va cham, va s6 hat rat I6n. Ap suat khi sinh ra tir vo s6 va cham cta cac hat 1én thanh
binh — méi va cham truyén mot xung lwong nho, cdng dén hang ti va cham mbi gidy tao thanh
luwc do duoc & cap do vi mo.

The random collisions at the heart of the kinetic theory also explain two directly observable phe-
nomena: diffusion, the gradual mixing of one substance into another (such as the scent of perfume
slowly spreading across a still room), and Brownian motion, the visible, jittery motion of small pollen
grains or smoke particles suspended in a fluid, first explained by Einstein in 1905 as the observable
result of asymmetric bombardment by the much smaller, invisibly fast-moving fluid molecules. Both
phenomena are direct macroscopic evidence for the reality of the random molecular motion that the
kinetic theory assumes.

A schematic of Brownian motion: a comparatively large, visible particle (pink) suspended in a fluid is struck unevenly,
from random directions, by vastly more numerous, much smaller, invisibly fast-moving fluid molecules (navy dots),
producing the particle’s visibly erratic, jittery path (grey).

2.3.4 Average Kinetic Energy and the Microscopic Meaning of Temperature

The kinetic theory provides the microscopic interpretation of temperature promised in Section B.1:
temperature is a direct measure of the average translational kinetic energy of the gas particles.

KE = 3kT,

where KF is the average translational kinetic energy per molecule, k is the Boltzmann con-
stant, and T is the absolute temperature. Average kinetic energy per particle depends only on
absolute temperature — not on the identity, mass, or pressure of the gas. This is the precise
microscopic definition that was described qualitatively in Section B.1.

GIAI THICH TIENG VIET
Coéng thirc KE = %kT 14 “dinh nghia vi m&” chinh xac ctia nhiét do: déng nang tinh tién trung
binh ctia MOT hat khi chi phu thudc vao nhiét do tuyét déi, khong phu thudc loai khi, khoi
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lwgng phan tdr, hay ap suat. Hai chat khi khac nhau & cung nhiét dé c6 cung dong nang trung
binh méi hat, du khéi lugng phan tir ctia ching khac nhau hoan toan.

2.3.5 Root-Mean-Square Speed

Because KE = %mﬁ for a particle of mass m (where v2 is the mean of the squared speed, averaged
over all particles), setting this equal to %kT and solving for a characteristic speed gives the root-
mean-square (rms) speed of the gas particles.

— — [3KT [3RT
%va = %k‘T — Uring = ’U2 = W = W,

where m is the mass of a single molecule and M = mN 4 is the molar mass (mass of one mole,

in kgmol ™' — care is needed to convert from the more commonly tabulated g mol ). Vprmys
is not the same as the mean (average) speed or the most probable speed of the distribution,
though all three are of similar magnitude and all increase with /7.

Vi du mau - Average kinetic energy and rms speed

Find the average translational kinetic energy per molecule and the rms speed of oxygen gas
(02, molar mass M = 0.032 kg/mol) at T' = 300 K.

KE = 3kT = 3(1.38 x 1072%)(300) = 6.21 x 1021 J.

3RT  [3(8.31)(300) \/7479
= = = = 2. 1 5 ~ 4 .
Urms \/ 0.032 0,03z = V2387 X 10° ~ 483m/s

(!) L6i thueng gap: The molar mass M inwv,,,, = \/3RT /M must be in kg mol ', not the more

familiar g mol " from chemistry (e.g. O2: 32g/mol = 0.032kg/mol). Forgetting the factor of
1000 conversion is a very common source of an rms speed answer that is off by a factor of
about 32 (i.e. v/1000).

GIAI THICH TIENG VIET

Toc do can quan phuong v,,,, = +/3RT/M = \/3kT/m suy ra truc tiép tr KE = 3kT =

%m?. Luu y don vi: M phai déi sang kg/mol (chia 1000 tir gia tri g/mol quen thudc trong Hoa

hoc) trudc khi thay vao cong thirc — day 1a 16i rat hay gip.

At a fixed temperature, lighter molecules move faster on average than heavier ones, sincev,,,,,

1/v/M.

Gas Molar mass M (kg/mol) v, at 300 K (m/s)
Hydrogen, H2 0.0020 1930
Helium, He 0.0040 1370
Nitrogen, N2 0.028 517
Oxygen, O2 0.032 483
Carbon dioxide, CO2 0.044 412

This large spread in speeds at fixed temperature has real atmospheric consequences: the lightest
gases (hydrogen, helium) reach speeds closer to a planet’s escape velocity, so over billions of years
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a planet with weaker gravity or a warmer atmosphere gradually loses its lightest gases to space —
which is why Earth’s atmosphere today contains negligible free hydrogen and helium despite both
being the most abundant elements in the universe.

2.3.6 The Maxwell-Boltzmann Speed Distribution

Not every gas molecule moves at exactly v,,,,,; individual particle speeds are spread over a wide
range due to the random nature of collisions. The Maxwell-Boltzmann distribution describes the
statistical spread of molecular speeds within a gas sample at a given temperature: a skewed curve
that rises from zero, reaches a peak (the most probable speed), and falls off gradually toward higher
speeds (a long tail, since no upper limit on speed is forbidden, only increasingly improbable).

T

Fraction of molecules per unit speed

Molecular speed v

The Maxwell-Boltzmann speed distribution at two temperatures, T, > T,. Raising the temperature shifts the peak
toward higher speeds, broadens the curve, and lowers its peak height — the area under each curve (representing the
total fraction of molecules, 100%) stays the same.

As temperature increases, the whole curve shifts toward higher speeds (matching the rise in
Vpps X V/T), and it broadens and flattens, since a wider range of speeds becomes accessible while
the total area under the curve (representing all 100% of the molecules) must remain fixed.

. GIAI THICH TIENG VIET

Phan bé Maxwell-Boltzmann mo ta su phan tan toc dé cua cac phan tir khi — khong phai moi
hat déu chuyén dong & ding v,.,,,,. Khi nhiét dé tang: dinh phan bé dich sang téc dé cao hon,
dudng cong loang va thap hon (vi dién tich dudi dudng cong ludn khéng déi, bang 100% s6
hat).

2.3.7 Real Gases: Deviations from ldeal Behaviour

The ideal gas equation is an excellent approximation for real gases under most everyday conditions,
but it breaks down under high pressure and/or low temperature. At high pressure, gas particles
are forced close together, and the assumption that particle volume is negligible compared with the
container volume is no longer accurate — the actual volume available for particles to move in is less
than the container volume, so real gases resist compression more than the ideal gas law predicts. At
low temperature, particles move more slowly, and the previously-negligible attractive intermolecular
forces become significant relative to particles’ (now smaller) kinetic energies; these attractive forces
pull particles together, reducing the pressure below the ideal-gas prediction, and eventually causing
condensation into a liquid — a phase change the ideal gas model, having no interparticle forces at
all, cannot describe.

GIAI THICH TIENG VIET

VN
Khi ly tuéng chi la md hinh gan ding: & ap suat cao (hat bj ép sat, thé tich riéng cla hat khong
con bo qua duoc) hoac nhiét dd thap (hat chuyén déng cham, luc hat gitra cac phan tir tré nén
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I dang ké, c6 thé dan dén hoa Idng), khi that 1éch khoi phuong trinh PV = nRT.

More sophisticated equations of state, such as the van der Waals equation, correct the ideal gas
equation by adding a term that accounts for the finite volume of the molecules themselves and a
term that accounts for their mutual attraction. Such corrections become significant precisely in the
high-pressure, low-temperature regime described above, and vanish (reducing back to PV = nRT)in
the low-pressure, high-temperature limit, where the kinetic theory’s assumptions are best satisfied.
Every real gas also has a critical temperature, above which no amount of increased pressure can force
it to liquefy: beyond this point thermal kinetic energy so thoroughly overwhelms the intermolecular
attractive forces that a distinct liquid phase can no longer form, and the liquid and gas phases become
indistinguishable.

2.4 B.4 Thermodynamics (AHL)
This content is assessed at Additional Higher Level (AHL) only.

2.4.1 State Variables and Thermodynamic Processes

A fixed sample of gas can be fully described, at any instant, by its state variables: pressure P, vol-
ume V, absolute temperature T', and amount n. A thermodynamic process is any change the gas
undergoes between two such states, and processes are classified by which variable is held fixed.

Process Held constant Key relation
Isobaric pressure P W,, = PAV
Isochoric (isovolumetric) volume V Wy, =0, AU =Q
Isothermal temperature T' AU = 0 (ideal gas), Q = Wi,
Adiabatic no heat exchange Q =0, AU =-W,,

On a pressure-volume (P-V) diagram, an isobaric process is a horizontal line (constant P) and
an isochoric process is a vertical line (constant V). An isothermal process traces a curve of the form
PV = const (a hyperbola, since T and hence PV is fixed); an adiabatic process traces a similarly-
shaped but steeper curve, PV7 = const (with v > 1 a constant depending on the gas), because in an
adiabatic expansion the gas must also cool (no heat enters to compensate), causing pressure to fall
off faster with increasing volume than in the isothermal case.

. adiabatic

D C—D: isobaric comp. C

Pressure P
D=5A: isochoric”
B—C: isochoric

~

- A;}B:.is_q_baric exp. B

Volume V/

A rectangular P-V cycle built from isobaric legs (A—B, C—D, horizontal) and isochoric legs (B—C, D—A, vertical). For
comparison, a dashed isothermal curve (PV = const, a hyperbola) and a dotted adiabatic curve (PV"™ = const, steeper)
are sketched at left.
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GIAI THICH TIENG VIET
B6n qua trinh nhiét dong luc hoc co ban: dang ap (P khong déi, dudng ngang trén do thi
P-V), dang tich (V khéng déi, dudng thang dirng), dang nhiét (I khéng déi, dudng hyperbol
PV = const), doan nhiét (khdng trao déi nhiét, Q = 0, dudng cong déc hon dudng dang nhiét
vi khi vtra gian vira tu lanh di).

Real adiabatic processes typically occur when a change happens too quickly for significant heat
exchange to take place, rather than because a system is literally, perfectly insulated. The rapid com-
pression of air in a diesel engine cylinder is approximately adiabatic, and the resulting temperature
rise (not a spark plug) is what ignites the injected fuel; conversely, the rapid expansion of gas escap-
ing from a punctured tyre or an aerosol can is approximately adiabatic, and the gas noticeably cools
as it expands (the can feels cold to the touch), because it does work on the surrounding air while
receiving no compensating heat input.

2.4.2 The First Law of Thermodynamics

The first law of thermodynamics is a statement of conservation of energy applied to a gas (or any
thermodynamic system): the change in a system’s internal energy equals the heat added to it plus
the work done on it.

AU =Q+W,

using the convention that Q) is the heat added to the gas (positive if the gas absorbs heat, neg-
ative if it releases heat) and I is the work done on the gas (positive if the gas is compressed by
an external force, negative if the gas itself does work by expanding). For a process at constant
pressure, the work done by an expanding or contracting gas is

Wy, = PAV (W = W, inthe AU = Q + W convention),

and more generally, for any process, the work done by a gas equals the area under the curve
on a P-V diagram between the initial and final volumes.

Vi du mau - The first law of thermodynamics

A gas expands at constant pressure P = 2.0 x 10°Pa from V; = 1.0 x 1073m? to
V, = 2.5 x 103 m3, while absorbing @ = 750J of heat. Find the work done by the gas, the
work done on the gas, and the change in internal energy.

W,, = PAV = (2.0 x 10°)(2.5 x 107 — 1.0 x 107?) = (2.0 x 10°)(1.5 x 10~%) = 300J.

Work done on the gas: W = —W,, = —300)J (the gas does positive work on its surroundings
as it expands).
AU = Q4+ W = 750 + (—300) = 450J.

The internal energy of the gas increases by 450 J.

(') L6i thueng gip: The sign convention for W in AU = Q + W trips up many students: here
W is work done on the gas, so an expanding gas (doing positive work on its surroundings) corre-
sponds to a negative W in this equation, while a compressed gas (surroundings doing positive
work on the gas) corresponds to a positive . Always state explicitly which convention a prob-
lem is using, and double-check the sign of W against the physical picture (expansion should
reduce AU for fixed @), compression should increase it) before trusting an algebraic answer.
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GIAI THICH TIENG VIET
mBjnh luat | nhiét dong luvc hoc AU = @ + W la bao toan nang lugng, véi quy uwdc @ = nhiét
truyén vao khi, W = céng thuc hién Ién khi. Khi gian né tu lam céng lén méi trudng xung
quanh = W (cong Ién khi) mang dju am. Khi bi nén = W mang diu dwong. Céng cua khi
gian/nén & ap suat khong dai: W,, = PAV; téng quat hon, cong luén bang dién tich dudi d6
thi P-V.

Vi du mAu - An isochoric process

A rigid, sealed container of gas is heated, absorbing ) = 620J of thermal energy. Find the
work done on the gas and the resulting change in its internal energy.

Because the container is rigid, AV = 0, so W, = PAV = 0, and hence W = 0 (no work is

done in either direction).
AU =Q+W =620+0=1620J|

For an isochoric process, all of the heat added goes directly into increasing internal energy,
since no work can be done when the volume cannot change.

2.4.3 The Second Law of Thermodynamics and Entropy

The first law permits energy to flow in either direction between two objects, as long as total energy
is conserved — yet in nature, heat is never observed to flow spontaneously from a colder object
to a hotter one. This directionality is captured by the second law of thermodynamics: thermal
energy never flows spontaneously from a colder region to a hotter region, and the total entropy of
an isolated system never decreases over time (it increases for any real, irreversible process, and stays
exactly constant only in the idealized limit of a perfectly reversible process).

Entropy S can be thought of as a measure of the disorder, or the number of equivalent mi-
croscopic arrangements, available to a system; the second law says that isolated systems evolve,
overwhelmingly probably, toward states of higher disorder/entropy, not lower.

For a reversible transfer of heat @ to (or from) a system at constant absolute temperature 7',
the entropy change is
Q

T.
AS > 0 when heat flows into a region (entropy increases); AS < 0 when heat flows out of

a region (entropy decreases there). The total entropy change of an isolated system (summed
over every part of it) can never be negative.

AS =

GIAI THICH TIENG VIET
mBjnh luat Il nhiét dong luc hoc: nhiét khong tw dong chay tir vat lanh sang vat nong, va entropy
(d6 hon loan) ciia mot hé co 1ap khéng bao gi® gidam. Cong thirc AS = Q/T tinh d6 thay déi
entropy khi c¢é nhiét lwvong @ truyén & nhiét dé (gan nhu) khéng déi T — AS duong khi hé
nhan nhiét, am khi hé mat nhiét.

Vi du mau - Entropy change during melting

Find the entropy change of 0.50kg of ice as it melts completely at 0°C (273K).
(L;=3.34x10° J/kg.)

Q =mL; = (0.50)(3.34 x 10°) = 1.67 x 10° J.
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5
Aszgz%z 612J/K].

Entropy increases, consistent with melting being a process that increases molecular disorder:
a rigid, ordered crystal lattice becomes a disordered liquid.

2.4.4 Heat Engines and the Carnot Efficiency

A heat engine is any device that converts thermal energy into useful mechanical work by operating
in a repeating cycle: it absorbs heat @),,,, from a hot reservoir, converts part of it into net work W, ,,
and exhausts the remaining energy @, to a cold reservoir. Its efficiency measures what fraction
of the absorbed heat is converted into useful work.

n= Wnet -1 Qcold.
Qhot Qhot
No real engine can exceed the theoretical maximum set by the Carnot efficiency, achieved

only by an idealized, perfectly reversible engine operating between two fixed reservoir tem-
peratures Tj,., and T, (in kelvin):

This is an upper bound: every real engine, with its unavoidable friction and irreversibilities, has
N < N,nae fOr the same two operating temperatures.

Vi du mAu - Carnot efficiency

A heat engine operates between a hot reservoir at 600 K and a cold reservoir at 300K. (a)
Find the maximum possible (Carnot) efficiency. (b) If the engine actually absorbs 1000 J of heat
from the hot reservoir per cycle and produces 350 J of net work, find its actual efficiency, and
compare it with the Carnot limit.

()

T, 300
=1—-—=**=1——=1-0.50=0.50 = 50%.
77maw Thot 600 %
(b)
w, 350

net
= = —— =10.35 = 35%.
Nactual Qhot 1000 %

Since 35% < 50%, the real engine’s efficiency is consistent with the second law: it falls short
of, and never exceeds, the Carnot upper bound for the same two reservoir temperatures.

(1) L6i thuong gap: Two frequent errors: (1) using Celsius rather than kelvin temperatures
N N0e = 1 — T.oa/Tho: — Since this is a ratio of temperatures (not a difference), it is not
scale-independent, and only the kelvin scale gives the correct physical result; (2) claiming or
calculating a real engine’s efficiency above the Carnot limit for its operating temperatures —
this always signals an arithmetic or conceptual error, since ,),,,.. is a strict physical upper bound
that no real (irreversible) engine can reach or exceed.

Real engines fall well short of the Carnot limit because real processes are never perfectly re-
versible: friction between moving parts converts some useful energy directly into waste heat, ther-
mal energy leaks out through cylinder walls and pipes before it can be converted to work, and real
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gases are compressed and expanded too quickly to remain in the idealized equilibrium state that the
Carnot analysis assumes. Typical real heat engines — car engines, coal- or gas-fired power-station
turbines — achieve only roughly 30% to 45% of their own theoretical Carnot efficiency limit.

- GIAI THICH TIENG VIET
Hiéu suat dong conhiétn = W,,.,/Qnot = 1 — Qo1a/ @nor do ti 1€ nhiét lrgng chuyén thanh
cong c6 ich. Hiéu suit Carnot 1,,,,. = 1 — Ti..;a/The: (Nhiét do tinh bang Kelvin) la giéi han ly
thuyét toi da ma khong dong co that nao vurgt qua duge — ludn ki€m tra 1, .1u0r < Mimas 9€ tU
kiém tra dap so.

2.4.5 Refrigerators and Heat Pumps

A refrigerator (or heat pump, or air conditioner) is, conceptually, a heat engine run in reverse: rather
than letting heat flow from hot to cold to extract useful work, external work is deliberately input to
force heat to flow from a cold region to a hot region — exactly the direction that would never happen
spontaneously. A refrigerator’'s compressor does mechanical work W on the working fluid, which
absorbs heat @), from the cold interior and exhausts a larger amount of heat Q,,,, = Q..;,q + W to
the warmer room. This does not violate the second law, because the process is not spontaneous: it
requires a continuous input of external work, so the refrigerator plus its power supply plus the room
it sits in is not simply “heat flowing unaided from cold to hot."
The effectiveness of a refrigerator is measured by its coefficient of performance,

Qcold
COP = W
the heat removed from the cold interior per unit of work input. Unlike a heat engine’s efficiency, COP
can exceed 1, since a refrigerator merely relocates existing thermal energy rather than converting
it into work. A heat pump used to heat a building is rated similarly, as @Q;,,,/W, and for the same
reason a heat pump can deliver more heating energy to a room than the electrical energy it consumes,
making it substantially more efficient than direct electrical resistance heating.

Vi du mau - Heat pump coefficient of performance

A heat pump has a coefficient of performance (for heating) of COP = 4.0 and consumes
electrical power W = 500 W. Find the rate at which it delivers heat to the room.

COP = % = % = COP x ? = (4.0)(500) = |2000W = 2.0kW |

The heat pump delivers four times as much heating power as the electrical power it consumes
— the additional energy is thermal energy extracted from the (colder) outside air or ground,
not created from nothing.

- GIAI THICH TIENG VIET
Tu lanh (hodc bom nhiét) vé ban chat |3 mot dong co nhiét chay nguoc: dung céng tir bén
ngoai (may nén) dé ép nhiét di chuyén tir noi lanh sang noi nong — diéu khong thé tu xay ra.
Viéc nay khéng vi pham dinh luat Il vi luén can cong dau vao lién tuc; dinh luat Il chi cAm dong
nhiét tw phat tir lanh sang néng khi khéng c6 cong can thiép tir bén ngoai.

2.5 B.5 Electric Current and Simple Circuits
2.5.1 Electric Current
Electric current I is the rate of flow of electric charge past a point in a circuit.
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measured in amperes (A = C/s), where Aq is the charge that flows in time At. Conventional
current is defined as the direction that positive charge would flow, from higher to lower poten-
tial (even in metals, where the actual moving charge carriers are negatively charged electrons
drifting the opposite way).

Microscopically, current is carried by a huge number of charge carriers (free electrons in a metal)
drifting slowly through the conductor, superimposed on their much faster random thermal motion.
If n is the number density of charge carriers (carriers per unit volume), ¢ is the charge per carrier, v,
is their average drift velocity, and A is the conductor’s cross-sectional area, then the current is

I = nqu,A.

Because n is enormous in a typical metal (of order 1028-102 m—3), the drift velocity needed to carry
an everyday current is remarkably small — often less than a millimetre per second, even though the
electrical signal itself (the establishment of the electric field driving the current) propagates through
the circuit at a substantial fraction of the speed of light.

GIAI THICH TIENG VIET

VN .
Dong dién I = Ag/At la téc do6 dich chuyén cda dién tich. O cap do vimé, I = nqu,A: mat do
hat tai dién n trong kim loai cuc I&n, nén toc do tréi (drift velocity) v, clia tirng electron thyc
ra rat cham (thuong dudi 1 mm/s) — du tin hiéu dién truyén di gan nhu tlc thoi trong mach.

Current that flows steadily in one direction is called direct current (DC), produced by sources such
as batteries and cells; current that periodically reverses direction is called alternating current (AC),
the form in which electricity is generated and distributed by power grids worldwide. This chapter’s
circuit analysis — Ohm'’s law, series/parallel combinations, electrical power — applies directly to DC
circuits, and to AC circuits at any single instant, though a full treatment of continuously time-varying
AC voltage and current requires additional tools beyond this chapter’s scope.

2.5.2 EMF and Potential Difference

The electromotive force (EMF) ¢ of a source (a battery or cell) is the total energy supplied to each unit
of charge that passes through the source, converting chemical (or other) energy into electrical energy.
The potential difference (voltage) VV across a component is the energy converted from electrical
energy into other forms (heat, light, etc.) per unit charge passing through that component.

€= w and V= E,
q q
where ¢ (EMF) is the energy supplied per unit charge by the source, and V' (potential difference)
is the energy converted per unit charge in a component; both are measured in volts (V = J/C).
For an ideal source with no internal resistance, the EMF equals the terminal voltage; for a real

source, the two differ, as developed in Section B.5.6.

- GIAI THICH TIENG VIET
Suat dién dong (EMF) ¢ |3 ning lugng ngudn cung cap cho méi don vi dién tich; hiéu dién thé
(p.d.) V 12 n3ng luong chuyén hoa tai mét linh kién (dién tré, béng dén...) cho mbi don vi dién
tich. Hai khai niém cung don vi Volt nhung khac vai tro: EMF mé t3 ngudn cap nang luong,
p.d. md ta noi ndng lugng bi tiéu hao/chuyén hoa.
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2.5.3 Ohm'’s Law and Resistivity

For many conductors, at constant temperature, the current through the conductor is directly pro-
portional to the potential difference across it — this proportionality is Ohm'’s law, and conductors
that obey it are called ohmic.

V = IR,

where R is the resistance of the conductor (measured in ohms, Q = V/A), a property that
depends on the conductor’s material and geometry. For a uniform wire or bar of length L and

cross-sectional area A,
pL

1’
where p is the resistivity of the material (units Q - m) — an intrinsic material property, inde-
pendent of the object’s shape or size, unlike R itself. Resistance increases with length (charge
carriers travel further, more collisions) and decreases with cross-sectional area (more parallel
“lanes” for current to flow through).

R

For most metals, resistivity itself increases with temperature (more energetic lattice vibrations
scatter drifting electrons more often), which is exactly the microscopic reason a filament lamp’s re-
sistance rises as it heats up, discussed quantitatively in Section B.5.8. Some materials, notably semi-
conductors, show the opposite trend: their resistivity decreases sharply with rising temperature,
because heating frees additional charge carriers, an effect that outweighs the increased scattering.

Vi du mau - Resistance from resistivity

A copper wire has length 2.0 m and cross-sectional area 1.0 x 105 m?2. Given the resistivity of
copper p = 1.68 x 10~® Q - m, find its resistance.

R pL  (1.68 x 107%)(2.0) ~ 3.36 x 10~®

_ —2
A T0x106  ~ 1oxi0®6 —odx107=&

Resistivity varies enormously between conductors, semiconductors, and insulators, spanning
more than twenty orders of magnitude.

Material Resistivity p (2 - m, at room temperature)
Copper 1.68 x 1078
Aluminium 2.65 x 1078
Nichrome (heating-element alloy) 1.10 x 1076
Silicon (pure, a semiconductor) ~ 2.3 x 103
Glass (an insulator) ~ 1019-104

(1) L6i thuong gip: Ohm's law, V' = IR, is not a universal law of nature — it is an experimental
description that holds only for ohmic conductors held at constant temperature. Many real
components (filament lamps, diodes, thermistors) are non-ohmic: their resistance R = V /I
still makes sense as a ratio at any instant, but it is not a fixed constant, so I is not proportional
to V. Always check whether a component is stated (or shown by its 7-V graph) to be ohmic
before assuming V' o 1.

GIAI THICH TIENG VIET
Dinh ludt Ohm V = IR chi ding cho vat liéu ohmic & nhiét dé khéng déi — khéng phai dinh
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luat vat ly pho quat. Dién trd suat p 1a tinh chat riéng cta vat liéu (khong phu thudc hinh dang),
con dién trd R = pL/A phu thudc thém vao chiéu dai va tiét dién cla vat thé cu thé.

2.5.4 Resistors in Series and in Parallel

When resistors are connected in series (one after another, forming a single path), the same current
flows through each of them (charge has nowhere else to go), and the total voltage across the com-
bination is the sum of the individual voltages. When resistors are connected in parallel (side by side,
forming separate branches between the same two nodes), the same voltage appears across each of
them, and the total current entering the combination is the sum of the individual branch currents.

Both rules follow directly from Ohm'’s law. In series, V, ,., = Vi + Vo + - = IRy + IRy + -+ =
I(R, + Ry + ---), and comparing with V,,,.,, = IR, gives R,,;,;, = R, + Ry + ---. In parallel,
Lot = i+ I+ =V /R +V/Ry+-- = V(1/R, +1/Ry ), and comparing with I, ,;,,; = V// Ry 51
gives 1/R, ;.. = 1/R; + 1/Ry + .

Series: R,,,,;, = R, + R, + --- (same I through each; voltages add).
1
=—+—+
B B Ry . . o .
A series combination always has more total resistance than its largest individual resistor; a
parallel combination always has less total resistance than its smallest individual resistor.

Parallel:

--- (same V across each; currents add).

Rl
[ 1
L
R2
[ ]
L
e, r
[ 1
L1
RS

A cell of EMF e and internal resistance r drives current through R, in series with the parallel combination of R, and R.
The full current flows through R;; it splits between R, and R in inverse proportion to their resistance, then
recombines before returning to the cell.

Vi du mAu - A series-parallel network

In the circuit above, R, =4.09Q, R, = 6.0, Ry = 3.0, and the supply provides 12V (assume
negligible internal resistance for this calculation). Find the total resistance, the total current
supplied, and the current through each of R, and R;.

Parallel combination of R,, Rj:

11 1 1 2 3
U R B R & —2.00.
R 60730 60760 60 =20

P

Total resistance: R, = Ry + R, =4.0+2.0 =6.0(.
Total current: I,,,,; = V /R, ;. = 12/6.0 = 2.0A.
Voltage across the parallel section: V, = I, ,,, R, = (2.0)(2.0) = 4.0 V.

ota

V., 4.0 V., 4.0
I, =L ="x067A I, =L =_"=x133A.
B2 R, 6.0 ’ s 7 R, 3.0
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Check: I + I, =0.67+1.33 =2.0A =1, v

GIAI THICH TIENG VIET
Mac néi ti€p: dong dién qua moi dién tré bang nhau, hiéu dién thé céng lai, R, ,,;, = R, +
Ry + ... ludn 16n hon dién trg thanh phan 16n nhat. M3c song song: hiéu dién thé trén moi
nhanh bang nhau, dong dién céng lai, 1/R,,,,; = 1/R; + 1/Ry + ... nén R,,,,; luén nhé hon
dién tré thanh phan nhé nhat. Ludn kiém tra lai téng dong cac nhanh song song bang dong
téng di vao.

Problem-solving strategy: series-parallel networks

e Redraw the circuit, working from the branches furthest from the supply inward, replacing
each series or parallel group with its single equivalent resistance, until only one resistor
remains.

e Apply V = IR to this single equivalent resistance (with the full supply voltage) to find the
total current leaving the source.

e Work back outward through the simplified stages: at each series stage the current already
found is shared by every resistor in that group; at each parallel stage, the voltage already
found is shared by every resistor in that group, and Ohm'’s law then gives each branch’s
individual current.

2.5.5 Electrical Power

The rate at which electrical energy is converted to other forms in a circuit component is its electrical
power, obtained by combining the definitions of current and potential difference with Ohm's law.

V2
P=]V=I?R=—.
R

All three forms are equivalent for a resistor obeying Ohm's law; which one is most convenient
depends on which two of I, V, R are known in a given problem.

Vi du mAu - Electrical power

A lamp is rated “12V, 60 W” (its normal operating voltage and power). Find the current it
draws and its resistance at this operating point.

P 60
I=—=—=50A.
Vv 12 5:0
Vv 12 V2 144
R—T—%_ZALQ (check.R—P—60_2.49/).

Excessive current through a component dissipates power as heat at a rate P = I?R; if this heat
cannot be removed fast enough, wires and components can overheat and pose a fire hazard. This is
why circuits are protected by fuses (a thin wire deliberately designed to melt and break the circuit
once current exceeds a safe threshold) or circuit breakers (an automatic switch that trips under the
same condition and can be reset, unlike a fuse).
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. GIAI THICH TIENG VIET

Cong suat dién P = IV = I’R = V? /R |a ba cach viét tuong duong cta cung mot dai lugng
— chon cong thirc ndo tuy vao hai dai lvong da biét trong dé bai. Vai thiét bi ghi “dinh mdc”
(vi du “12V, 60 W”), c6 thé suy ra dong dién va dién tré hoat dong binh thudng cua né.

2.5.6 Internal Resistance and Terminal Voltage

A real battery or cell is not a perfect source of EMF: it has some internal resistance r, arising from the
resistive materials inside it, which dissipates some energy within the source itself whenever current
flows. The voltage actually available at the cell's terminals (to drive current through the external
circuit) is therefore always somewhat less than the full EMF.

V;terminal =&— IT?

where ¢ is the EMF, I is the current drawn from the cell, and r is the internal resistance. Equiv-
alently, since the same current flows through the external resistance R and through r in series,
e = I(R + r). The terminal voltage drops as more current is drawn (larger I means a larger
“lost volts” Ir across the internal resistance).

Vi du mAu - Internal resistance

A cell has EMF ¢ = 9.0V and internal resistance r = 0.502. It is connected to an external
resistor R = 4.0 ). Find the current in the circuit and the terminal voltage of the cell.

£ 9.0 9.0
I = — =22 = 20A.
R+7r 404050 45
Vierminal = € — Ir = 9.0 — (2.0)(0.50) = 9.0 — 1.0 = 8.0 V.

Check: V. =1R = (2.0)(4.0) = 8.0V — consistent.

(1) L6i thueng gip: The EMF of a cell is what a voltmeter reads across its terminals only when
no current is drawn (an “open-circuit” measurement); as soon as current flows, the terminal
voltage is always less than the EMF (for a cell delivering current) by exactly Ir. Do not confuse
the EMF (a fixed property of the source) with the terminal voltage (which depends on how
much current is being drawn at that moment).

. GIAI THICH TIENG VIET

Pin/ngudn that luén cé dién trd trong r, lam hiéu dién thé & hai cuc (terminal voltage) V = e—1Ir
luén nhoé hon suat dién dong < khi cé dong dién chay qua. Dong cang I&n, “sut ap trong” Ir
cang I6n, V do duoc cang thap. EMF chi bang V do dugc khi mach hé (khéng c6 dong dién).

Vi du mau - Combining internal resistance with a series-parallel network

A cell of EMF 12V and internal resistance » = 0.402 is connected to an external network:
R, = 5.0 in series with the parallel combination of R, = R; = 8.0€2. Find the current drawn
from the cell, the terminal voltage, and the power dissipated in R;.

1 1 1 2
Parallel combination: — = — + — = — = R_ = 4.09. External resistance: R__, =
R S0 80 80 P ext

P
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Ry +R,=50+4.0=9.0Q

e 1212
R, +r 904040 94

J = ~ 1.28 A.

Vierminal = € — Ir =12 —(1.28)(0.40) ~ 11.5V.

Pg, = I’R, = (1.28)%(5.0) ~ |8.2W |

Problems like this are solved by combining every tool from this section in sequence: reduce
the network to a single equivalent resistance, apply the internal-resistance equation to find
the current, then apply the power formula to the specific component asked about.

2.5.7 The Potential Divider
A potential divider (voltage divider) uses two resistors in series across a supply to produce a smaller,
adjustable output voltage, tapped from the junction between the two resistors.

For two resistors R,, R, in series across a supply V, with the output taken across R,:

R,
Vu=V,—=—.
out s Rl + R2
The same current flows through both resistors (a series circuit), so the supply voltage divides
between them in direct proportion to their resistances; changing the ratio R, : R, (e.g. with a
variable resistor, or potentiometer) adjusts V,,,, continuously between 0 and V..

Ry

R,

©

A potential-divider circuit: resistors R, R, in series across a supply V,. The output is tapped between the R, -R,,
junction and the bottomrail: V,,,, = V, R,/(R, + R,), adjustable via the resistance ratio.

Vi du miu - The potential divider

A 6.0V supply (negligible internal resistance) is connected across two resistors in series,
R, = 2.0k and R, = 4.0k(2, with the output taken across R,. Find the output voltage.

R 4.0 4.0
2 (6.0)=———— = (6.0)—— = 4.0 V.

V.. .=V =
ut 2.0+4.0 6.0

= VR R,

- GIAI THICH TIENG VIET
Mach phan ap (potential divider) dung hai dién tr& ndi ti€p dé “chia” hiéu dién thé nguén theo
ding tilé dién tré: V,,, = V.R,/(R, + R,). Day la cach phé bién dé tao ra mot dién ap dau ra
nho hon, ¢6 thé diéu chinh duoc, tir mot ngudn ¢é dinh.
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2.5.8 1-V Characteristic Curves

The relationship between current and voltage for a component is often best displayed as a graph
- its I-V characteristic - rather than summarized by a single formula, especially for non-ohmic
components whose resistance itself changes with operating conditions.

An ohmic resistor at constant temperature produces a straight line through the origin on an 7-V
graph, with slope 1/R (constant resistance at every point). A filament lamp, by contrast, produces a
curve that starts out roughly straight at low voltage/current (where the filament is relatively cool) but
bends over and flattens at higher voltage/current, because the increasing current heats the filament,
and a hot filament has higher resistivity (and hence higher resistance) than a cool one — so equal
increases in voltage produce progressively smaller increases in current.

3| ohmic resistor
< ament lamp
~ 27
-
c
g
5
O
1 4
0 + + + + + +
0 1 2 3 4 5 6

Voltage V (V)

I-V characteristics. An ohmic conductor (constant T') gives a straight line through the origin, slope 1/R. A filament
lamp’s resistance increases with temperature, so as V rises the curve bends over — its effective resistance at any point is
V' /I (the reciprocal slope of the line from the origin to that point on the curve), not the slope of a tangent line.

Vi du miu - Reading resistance from an 7-V graph

Using the filament-lamp curve above, the graph shows I ~ 1.5AatV =2.0V,and I ~ 2.6 A
at V = 6.0V. Find the lamp’s resistance at each of these two operating points.

V20 V 6.0
Riy_g0) = T 157 ~ Riv_6.0) = T 267 -
The lamp's resistance nearly doubles between the two operating points, confirming numeri-

cally that a filament lamp is strongly non-ohmic: a single resistance value cannot describe it at
every voltage.

. GIAI THICH TIENG VIET

\
Db thi I-V: dién tré thuan ohmic cho dudng thang qua géc toa do (hé s6 goc = 1/R khéng
déi). Béng dén day téc cho dudong cong bet dan, vi dong dién cang 16n [am day téc cang nong,
dién tré cang tang. V&i cac linh kién phi tuyén, dién trd tai mét diém bat ky trén do thi la
R = V/I tai diém do (khéng phai do déc ti€p tuyén) — phai doc tir do thj, khong cé mot cong
thirc duy nhat ap dung cho moi diém.

A third common non-ohmic component is the semiconductor diode, which conducts current eas-
ily in one direction (“forward bias”) but allows almost no current to flow in the reverse direction. Its
I-V characteristic shows almost zero current until a small threshold (“turn-on”) voltage is reached,
after which the current rises very steeply. Because a diode’s resistance is different, and strongly
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voltage-dependent, in each direction, it is a clear example of a component to which V' = IR can-
not be applied as a fixed proportionality constant, only as an instantaneous ratio at one particular

operating point on its graph.

Before turning to practice, the table below collects every core formula of Theme B in one place

for quick reference.

B.1 Thermal Energy Transfers

Specific heat capacity

Specific latent heat

Calorimetry (energy conservation)
Rate of conduction through a slab

Q = mcAT
@ = mL (fusion L or vaporization L,

Qlost by hot — anined by cold
P = KAAT/d

B.2 The Greenhouse Effect

Stefan-Boltzmann law
Wien's displacement law

Planetary equilibrium temperature

P = 0 AT* (blackbody) or sc AT* (real object)
Mnaxd =b=2.90x 1073m-K

T =[(1—a)S/(40)]"*

B.3 The Gas Laws and Kinetic Theory

Combined gas law (fixed n)

Ideal gas equation

Average kinetic energy per molecule
RMS speed

P1V1/T1 = szz/Tz

PV =nRT = NkT, with N =nN 4
KE = 3kT

Vyms = V/3RT /M = \/3kT /m

B.4 Thermodynamics (AHL)

First law of thermodynamics
Entropy change (reversible transfer)
Heat engine efficiency

Carnot (maximum) efficiency

AU = Q + W (with W, = PAV at const. P)
AS =Q/T

n= Wnet/Qhot =1- Qcold/Qhot
Nmaz = 1 = Teora/ Thor (Kelvin)

B.5 Electric Current and Simple Circuits

Current
Ohm’s law; resistance from resistivity

I =Aq/At =nquA
V=IR; R=pL/A

Series / parallel resistors Riptar = > R;; 1/Ripp = > 1/R;
Electrical power P=IV=I’?R=V?/R
Terminal voltage of a real cell Vierminal =€ — IT

Potential divider

Vour = VsRy/(Ry + Ry)

2.6 Problem Bank

Container A holds a small amount of gas at a high temperature; container B holds a much larger
amount of the same gas at a slightly lower temperature. Which statement correctly compares

their internal energies?

(A) A has greater internal energy, because it

has the higher temperature.

(B) B has greater internal energy, because
it contains vastly more particles, even
though its temperature is slightly lower.

Thay Tudong 0332747 169 -
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(C) A and B must have equal internal energy,

since internal energy is just another name

for temperature.
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Loi giai chi tiét

Temperature measures average kinetic energy per particle, but internal energy is the total en-
ergy (kinetic + potential) of all particles in the system. A system with vastly more particles can
have far greater total internal energy even at a somewhat lower temperature, since the huge
number of particles outweighs the small difference in average energy per particle. (B).

Bai 2

Which statement about two objects in thermal equilibrium is correct?
(A) They must have the same internal energy. (C) They have the same temperature, and no
net heat flows between them.

(B) They must have the same specific heat (D) Thermal equilibrium can only occur be-
capacity. tween objects of equal mass.

Loi giai chi tiet

Thermal equilibrium is defined by equal temperature and zero net heat flow between the two
objects - it says nothing about their internal energies, specific heat capacities, or masses, all
of which can differ freely. (C).

Bai 3

Find the heat required to raise the temperature of 3.0 kg of aluminium from 15°C to 75°C.

Lai giai chi tiét

-

Q = meAT = (3.0)(900)(75 — 15) = (3.0)(900)(60) = 1.62 x 10°J = 162kJ |

Bai 4

Find the heat released when 0.30 kg of steam at 100°C fully condenses to liquid water at 100°C.
(L, = 2.26 x 106 J/kg.)

Loi giai chi tiet

-

Q = mL, = (0.30)(2.26 x 10%) =6.78 x 10°J = 678 kJ |

(Released, not absorbed, since condensation is the reverse of boiling.)

Bai 5

A 0.40kg block of copper (¢ = 390J/(kg - K)) at 200°C is dropped into 0.60 kg of water (¢ =
4200J/(kg - K)) at 15°C in an insulated calorimeter. Find the final equilibrium temperature of
the mixture.

Loi giai chi tiét
Heat lost by copper = heat gained by water:

meea(200 — Tj) = mypeyy (T; — 15) = (0.40)(390)(200 — T;) = (0.60)(4200)(T; — 15).
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156(200 — T;) = 2520(T — 15) = 31200 — 1561, = 25207 — 37800.

69000 = 2676 T, = Ty =|25.8°C |,

Bai 6

A metal rod of cross-sectional area 2.0 x 104 m?, length 0.50 m, and thermal conductivity
k = 200W/(m - K) has its ends held at 80°C and 20°C. Find the rate of heat conduction along
the rod.

Loi giai chi tiét

_ kAAT _ (200)(2.0 x 1074)(80 —20) _ (200)(2.0 x 10~*)(60) 2.4 18W

P = — =
d 0.50 0.50 0.50

Bai 7

A blackbody sphere of radius 0.20 m is at a uniform temperature of 400 K. Find the total power
it radiates.

Lai giai chi tiét

A = 47 R? = 47(0.20)2 = 0.5027 m?.
P =0AT* = (5.67 x 107%)(0.5027)(400)* = (5.67 x 1078)(0.5027)(2.56 x 1019).

P ~[130W]

Bai 8

According to Wien's displacement law, as the absolute temperature of a blackbody radiator
increases, the wavelength at which it radiates most strongly (),,,,,)---

(A) increases proportionally with 7. (C) stays the same regardless of 7.

(B) decreases, since \,,,. T is a constant. (D) first increases, then decreases.

Loi giai chi tiét

Since \,,,,T = b (a constant), A ., and T are inversely proportional: as 7' increases, A, .

max

must decrease. (B).

Bai 9

A star has a measured peak emission wavelength of 290 nm. Estimate its surface temperature.

Loi giai chi tiet

-

b 290 x 1072 2.90 x 103
N = 20X 107 = 200X 107

max
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Bai 10

A planet receives a solar intensity of S = 590 W/m? and has an albedo of a = 0.25. Estimate
its no-atmosphere equilibrium temperature.

Loi giai chi tiét

1/4 1/4
r_[A-as T 05)(590) 77 [ 442.5 ]1/4 _ [1.952 x 1094
4o 4(5.67 x 10-8) 2.268 x 107 ' ‘

T ~|210K ~ —63°C|.

(This is close to the actual average surface temperature of Mars, whose thin atmosphere pro-
vides very little additional greenhouse warming.)

Bai 11

Which of the following atmospheric gases is not considered a significant contributor to the
(natural or enhanced) greenhouse effect?

(A) Carbon dioxide, CO2 (C) Water vapour, H20
(B) Methane, CH4 (D) Nitrogen, N2

Lai giai chi tiét

Nitrogen makes up about 78% of the atmosphere by volume, but its symmetric diatomic
molecule does not absorb infrared radiation the way CO2, CH4, and H20 do, so it plays es-
sentially no role in the greenhouse effect. (D).

Bai 12

A gas at pressure 4.0 atm occupies a volume of 3.0 L. At constant temperature, the pressure is
reduced to 1.5 atm. Find the new volume.

Loi gidi chi tiét
PV, 4.0)(3.0

PV =PRV,=V, = 112( I >:8.0L.
P, 15

Bai 13
A gas occupies 2.0 L at 300 K. At constant pressure, find its volume at 450 K.

Loi giai chi tiet

v, V, T, 450
1—‘1 T2 2 1 Tl ( ) 300 -

Bai 14

A fixed mass of gashas V; = 4.0x103m3at P, = 1.5x10° Paand T} = 280 K. Itis compressed
to V4, = 2.0 x 103 m? and heated to T, = 350 K. Find the new pressure P,.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 88



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét

1.5 x 105)(4. E : °
_ ATy _ (15 x10°)(4.0 x 107)(350) _ 2.10 X 10° _ 1o 5]
TV, (280)(2.0 x 10-3) 0.56

Bai 15

I =

A tank of volume 0.0500 m® holds an ideal gas at pressure 1.2 x 10° Pa and temperature 320 K.
Find (a) the number of moles of gas, and (b) the number of gas molecules present.

Loi giai chi tiét

PV (1.2 x 10%)(0.0500) 60000
"= RT (8.31)(320) 2659.2 [22.6mol

N =nN, = (22.6)(6.02 x 10%%) ~ | 1.36 x 10*° molecules |

I & &LI

Bai 16

Which of the following is not a standard assumption of the kinetic theory of an ideal gas?

(A) The gas consists of a very large number (C) The particles exert significant attractive

of identical particles in random motion. forces on one another at all separations.

(D) The volume occupied by the particles

(B) Collisions between particles (and with themselves is negligible compared with
the container walls) are perfectly elastic. the volume of the container.

Lai giai chi tiét

The kinetic theory assumes intermolecular forces are negligible except during the brief instant
of collision - statement (C), claiming significant attractive forces at all separations, directly
contradicts this and is the false assumption. (C).

Bai 17

Find the average translational kinetic energy per molecule and the rms speed of nitrogen gas
(N2, molar mass M = 0.028 kg/mol) at T = 350 K.

Loi giai chi tiét

KE = 3kT = 3(1.38 x 10-2%)(350) = | 7.25 x 10721

. _ [3BT _ \/3(8.31)(350) :\/8725.5 /3116105 ~ 558 mrs]

rms M 0.028 0.028

Bai 18

At what temperature would the rms speed of hydrogen gas (M = 0.0020 kg/mol) equal
1500 m/s?
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Loi giai chi tiét

Rearranging v2,,. = 3RT /M:

rms

vz M (1500)2(0.0020) 4500
T = “rms” _ = ~[180K].
i 3E30 2493

When the temperature of a fixed amount of gas is increased, the Maxwell-Boltzmann speed
distribution curve...

(A) shifts toward lower speeds and becomes (C) keeps exactly the same shape, only its po-
narrower and taller. sition on the speed axis changes.

(B) shifts toward higher speeds, becomes
broader and flatter, with the total area (D) develops a second peak at very low
under the curve unchanged. speeds.

Loi giai chi tiét

Higher T shifts the distribution toward higher speeds (consistent with v, .. o v/T') and spreads
it over a wider range, so the peak flattens; since the curve always represents 100% of the
molecules, the area underneath stays fixed. (B).

A gas is compressed at constant pressure 3.0 x 10 Pa from 5.0 x 1073 m3 to 3.0 x 103 m3, while
releasing 200 J of heat to its surroundings. Find the work done on the gas and the resulting
change in internal energy.

Lai giai chi tiét

AV =30x103—-5.0x 1073 = —2.0 x 1073 m?3.
W,, = PAV = (3.0 x 10°)(—=2.0 x 1073) = —600J = W, gas = —W,,, = | +600J |
Heat released, so Q = —200 J:

AU = Q + W = —200 + 600 = | +400J | (internal energy increases).

Which statement correctly describes an adiabatic process undergone by a gas?
(A) The temperature of the gas remains con- (C) No heat is exchanged between the gas
stant throughout. and its surroundings.

(B) The pressure of the gas remains constant (D) The volume of the gas remains constant
throughout. throughout.

Lai giai chi tiét

By definition, an adiabatic process is one with zero heat exchange, ) = 0 - temperature,
pressure, and volume are all generally free to change. (C).

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 90



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

A power plant’s turbine operates with a hot reservoir at 500 K and exhausts heat at 320 K.
(a) Find the Carnot (maximum) efficiency. (b) If the plant actually runs at 60% of the Carnot
efficiency and absorbs 5.0 x 10 J of heat per cycle, find its actual net work output per cycle.

Loi giai chi tiét
()

T, 320
Mge = 1— 7224 =1— " =1-10.64 =|0.36 = 36%|.
Thor 500

(b)
Nactuar = (0.60)(0.36) = 0.216 = 21.6%.

W = Nyeruar@nor = (0.216)(5.0 x 105) =|1.08 x 10°J = 1.08MJ |

2000 J of heat flows irreversibly from a hot reservoir at 400 K to a cold reservoir at 250 K (both
reservoirs are large enough that their temperatures stay essentially constant). Find the entropy
change of each reservoir, and the total entropy change of the universe for this process.

Lai giai chi tiét

Hot reservoir loses heat: AS,,,, = —Q/T},,;, = —2000/400 = —5.0J/K.
Cold reservoir gains heat: AS,,; = +Q/T,,, = +2000/250 = +-8.0J/K.

ASypq = —5.0+ 8.0 = +3.0J/K]

AS, ;a1 > 0, consistent with the second law: entropy increases for this irreversible (sponta-
neous, hot-to-cold) heat flow.

A refrigerator continuously transfers thermal energy from its cold interior to the warmer room
outside. This does not violate the second law of thermodynamics because...

(A) the second law applies only to gases, not on the compressor) drives the process, so
to liquids or solids. heat is not flowing from cold to hot spon-

. . ) taneously / unaided.
(B) heat engines and refrigerators are specif-

ically exempted from the second law. (D) the refrigerator’s interior is not actually

colder than the room - only the air near
(C) an external energy input (electrical work the vents is.

Loi giai chi tiét
The second law forbids only the spontaneous, unaided flow of heat from cold to hot. A refrig-

erator requires a continuous input of external work (via its compressor) to force this heat flow,
so it is fully consistent with the second law. (C).
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Bai 25

A nichrome wire has resistivity p = 1.10 x 1076 € - m, length 1.5 m, and cross-sectional area
5.0 x 107" m2. Find its resistance.

Loi giai chi tiet

-

pL  (1.10 x 107%)(1.5)  1.65 x 1076
—_ = = = . Q .
R= = 5ox7 = 5ox107

Bai 26

A circuit consists of R, = 5.0 in series with the parallel combination of R, = 109 and
R; = 109, connected to a 15 V supply (negligible internal resistance). Find the total resistance,
the total current from the supply, and the current through R,.

Loi giai chi tiet

-

1 1 1 2

—=—=+—=—=—=R =50Q.

R,_10 10 10 7

Rtotal ES Rl + Rp = 5.0 + 5-0 = ].0 Q.
v 15

I =——=—=|15A\|
total Rtotal 10 3

vV, 175
V, = LR, = (1.5)(5.0) = 7.5V = I, = R—Z = 35 =[0.75A]

Bai 27

A 100 € resistor carries a current of 0.50 A. Find the power it dissipates.

(A) 12.5W (C) 50 W
(B) 25W (D) 200 W

Lai giai chi tiét

P =TI?R = (0.50)2(100) = (0.25)(100) = 25W.
(B).

Bai 28

A cell has EMF 12.0 V. When connected to an external resistor R = 8.0 (2, the terminal voltage
is measured to be 10.4 V. Find the current in the circuit and the internal resistance of the cell.

Lai giai chi tiét

-

I — V;fer'réu'nal _ 18004 _ .

—v,

; 12.0-104 1.6
V;ferminal =e—Ir=r= : t;rmlnal = 1.3 = T3 & '
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A 9.0V battery (negligible internal resistance) is connected across a series combination of R, =
1.0k and R, = 2.0k2. Find the current in the circuit and the output voltage across R,.

Loi giai chi tiét

I

v 9.0 ~ 9.0
R, +R, 1000 +2000 3000

Vi, = IRy = (3.0 x 10-3)(2000) = 6.0V |

=13.0x103A=3.0mA|

As the current through a filament lamp increases from a low starting value, the lamp's resis-
tance...

(A) decreases, because more current means (C) increases, because the rising current
more free charge carriers are available. raises the filament'’s temperature, and re-
sistivity increases with temperature.

(B) stays exactly constant, since resistanceis (D) drops sharply to zero once the filament
a fixed property of a given lamp. becomes white-hot.

Loi giai chi tiét

A filament lamp is non-ohmic: increasing current heats the filament, and for a metal, resistivity
(and hence resistance) increases with temperature, so the lamp'’s resistance rises as the current
(and power dissipated) increases - exactly the flattening seen on its -V graph. (C).

A copper wire of cross-sectional area 2.0 x 10-% m? carries a current of 3.0 A. The free-electron
number density in copper is n = 8.5 x 102¥ m—3 and the electron charge magnitude is e =
1.60 x 10~ C. Find the drift velocity of the electrons.

Lai giai chi tiét

; e I 3.0
= nqu vV = = c
74 47 ned (8.5 x 10%8)(1.60 x 10-19)(2.0 x 10-5)

neA = (8.5 x 10?8)(1.60 x 10719) = 1.36 x 1019, (1.36 x 10%9)(2.0 x 107%) = 2.72 x 10%.
30
©2.72 x 104

This is an extremely slow drift speed - confirming that individual electrons move only a fraction
of a millimetre per second even while carrying a substantial current.

A sealed, rigid cylinder of volume 0.0200 m® contains n = 4.0 mol of an ideal gas at 7" = 290 K.
The gas is then heated at constant volume until its pressure has doubled. Find (a) the initial
pressure, (b) the final temperature, and (c) the average translational kinetic energy per molecule
in the final state.

vy ~ |11 x 104 m/s|
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Loi giai chi tiét

()

nRT,  (4.0)(8.31)(290)  9639.6
B = L= = ~|4.82 x 10° Pa|.
1Ty 0.0200 0.0200 akM

(b) At constant volume (Gay-Lussac’s law), P/T is constant, and the pressure doubles:

P, P P
Ti:ﬁ::@:nﬁ:(wo)@) =|580K|.

1

(c)

KE = 3kT, = 3(1.38 x 10723)(580) ~ | 1.20 x 10-2°J],
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IB DIPLOMA PROGRAMME . Unit 3

Theme C: Wave Behaviour

Muc tiéu Unit: Chuong nay trinh bay dao déng diéu hoa don gidn (SHM) va dao déng tat dan/cudng
birc; mé hinh séng téng quat, phuong trinh séng, quang phé dién tir, khiic xa va phan cuc; hién tuong
chdng chap va giao thoa séng (thi nghiém hai khe Young, nhiéu xa, cach tir); séng dirng va cdng hudng
trén day dan héi va trong cot khong khi; va hiéu (rng Doppler d&i véi am thanh va dnh sadng. Sau chuong
nay, hoc sinh can thiét Iap va van dung thanh thao cac céng thirc SHM, doc va phan tich d6 thj song,
tinh toan giao thoa/nhiéu xa, xac dinh tan s& hoa 4m cua séng dirng, va ap dung hiéu ing Doppler vao
cac bai toan dinh luvgng.

3.1 Simple Harmonic Motion

Many of the most important periodic phenomena in physics and engineering — vibrating structures,
oscillating electrical circuits, atoms bound within molecules, ocean tides driven by resonant coupling
to the Moon'’s gravity, the suspension of a car, the reed of a musical instrument — can be modelled,
at least to a good approximation, by the same simple mathematical description developed in this
section. Mastering the kinematics and energetics of two canonical examples, the mass-spring system
and the simple pendulum, provides a toolkit that generalises directly to every later section of this
chapter, because a travelling wave is, at its core, nothing more than a very large number of linked
oscillators, each individually performing SHM, passing their motion on to their neighbours with a
small time delay.

3.1.1 Defining simple harmonic motion

A great many physical systems — a mass bouncing on a spring, a pendulum swinging through small
angles, a guitar string, the current in an oscillating circuit — repeat the same pattern of motion over
and over. The simplest and most important of these repeating patterns is simple harmonic motion
(SHM). SHM is defined by a single condition on the acceleration of the oscillating object.

Khai niém cét 16i

A body performs SHM if its acceleration is directly proportional to its displacement from a
fixed equilibrium position, and always directed towards that equilibrium position (i.e. it always
opposes the displacement).

Writing x for the displacement from equilibrium and «a for the acceleration, this condition is
a = —wx,

where w (units rad s—1) is a constant called the angular frequency of the oscillation. The minus sign
is essential: it guarantees that whenever the object is displaced to positive x, the acceleration pulls
it back towards = = 0, and vice versa. This is why SHM is also called a restoring-force motion.

For a mass m attached to an ideal spring of spring constant %k, Hooke’s law gives the restoring
force ' = —kxz. Applying Newton's second law, ' = ma, gives
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Comparing with a = —w?z identifies the angular frequency of a mass-spring oscillator as w = /k/m.

It is worth contrasting SHM with motion that is merely periodic without being simple harmonic. A
ball bouncing elastically under gravity repeats its motion every bounce, but during each flight its ac-
celeration is the constant —g, not proportional to its height above the floor, so the motion is periodic
but not SHM. By contrast, a mass on a spring, a pendulum swinging through small angles, a vibrating
string, and the charge oscillating in an LC circuit are all genuine SHM systems, because in each case
a restoring influence grows in direct proportion to the displacement from equilibrium, never in some
other way (such as remaining constant, or growing with the square of the displacement).

Defining equation of SHM: ¢ = —w?x.

. . k
Mass-spring restoring force: F' = —kx — w=4/—.
m

. GIAI THICH TIENG VIET

SHM (dao dong diéu hoa don gian) duoc dinh nghia bang MOT diéu kién duy nhat: gia toc
ludn ti lé thuan véi dd doi = nhung ngugc chiéu (dau trir). Noi cach khac, luc luén "kéo” vat vé
vi tri can bang, va do 16n cha luc kéo cang 16n khi vat cang di xa vi tri can bang. Khéng phai cir
dao dong qua lai [a SHM — chi khi @ o< —z mé&i ding la SHM. Cong thirc FF = —kz (dinh luat
Hooke) la vi du kinh dién nhat tao ra SHM.

3.1.2 The general solution: displacement, velocity, and acceleration
Additional Higher Level (AHL) content: the phase constant ¢ and the full time-dependent solution below.
2

Solving the differential equation a = = —w?x gives displacement as a function of time.

dt?
Depending on the initial condition (where the object starts and how it is moving at t = 0), the
solution takes the form

x(t) = xycos(wt + @) or equivalently z(t) = zy sin(wt + @),

where z, is the amplitude (the maximum magnitude of displacement) and ¢ is a phase constant fixed
by the initial conditions. It is usually most convenient to choose ¢ = 0 so that ¢ = 0: if the object
starts at maximum displacement = = x, with zero velocity, use z(t) = =, cos(wt); if it startsatz = 0
moving with maximum speed, use z(t) = z, sin(wt).

Differentiating =(¢) = x, cos(wt + ¢) with respect to time gives the velocity,

d .
v(t) = o —zowSsin(wt + ¢),
dt
and differentiating again gives the acceleration,
dv o o
a(t) = o = Tt cos(wt + ¢) = —w?z(t),

which confirms the original defining relation a = —w?x.
A very useful result eliminates time altogether and relates speed directly to displacement. Using
. 2 2
sin” 4 cos” =1,

0% = 22w sin” (wt + ¢) = w? [:1:% — 22 cos? (wt + gzb)] = w? (2% — 2?),

v=twy/ 22 — 22

This shows immediately that speed is greatest when = = 0 (passing through equilibrium) and zero
when z = 4z, (the turning points). Conversely, the magnitude of acceleration |a| = w?|z| is zero at
x = 0 and greatest at the extremes x = +z,,.

so that
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Because a = —w?z is a linear relation, a graph of acceleration a against displacement z for an
SHM oscillator is always a straight line through the origin with gradient —w?. This is exploited as
a standard experimental technique: measuring the acceleration at a series of known displacements
and plotting a against x allows w? (and, for a spring, the spring constant & = mw?) to be extracted from
the gradient of the best-fit line, without ever needing to time a full oscillation directly. The phase
constant ¢, meanwhile, encodes nothing more than the choice of when the stopwatch is started:
shifting the origin of time simply shifts ¢, while the physically meaningful quantities — amplitude,
angular frequency, and hence period, frequency, maximum speed, and maximum acceleration — are
completely unaffected by that choice.

z(t) = xy cos(wt + ¢) v(t) = —zywsin(wt + @) a(t) = —w?z(t)

v= iw\/@ Umax = WZo (@t = 0) Amax = W2y (@t z = +1,)

- GIAI THICH TIENG VIET
Cong thirc v = +w+/23 — 2 cuc ky hitu ich vi nd KHONG chtra thoi gian ¢t — cho phép tim
van téc ngay tai mot vi tri z bat ky ma khéng can biét vat dang & thoi diém ndo. Hay nhé: téc
do 1&6n nhat (v, = wr,) Xay ra khi vat di NGANG qua vi tri can bang (z = 0); gia téc I6n nhat
(amax = w?xy) XAy ra khi vat @ BIEN (z = +1,), noi téc do bang khéng. Hai dai lugng nay dat
cuc tri tai hai vi tri d6i 1ap nhau.

Vi du mau - SHM kinematics from displacement

A particle oscillates in SHM with amplitude =, = 0.050 m and angular frequency w =
4.0rads . Find (a) its maximum speed, (b) its maximum acceleration, and (c) its speed when
the displacement is x = 0.030 m.

(@) Vppax = wry = 4.0 x 0.050 = 0.20 m s~ 1.

(b) oy = W2xy = (4.0)% x 0.050 = 0.80 m s~ 2.

(© v = w22 —a® = 4.0,/(0.050)2 — (0.030)2 = 4.0/0.0025 — 0.0009 = 4.01/0.0016 =
4.0(0.040) = 0.16 m s~ 1.

Vi du miu - Finding the phase constant from initial conditions

An oscillator has amplitude z, = 0.12 m and angular frequency w = 5.0 rad s Att = 0its
displacement is x = 0.060 m and it is moving in the positive direction. Using z(t) = x, cos(wt+
¢), find the phase constant ¢.
0.060 .

Att = 0: x,cos ¢ = 0.060 = cos ¢ = R 0.500 = ¢ = 60° or ¢ = —60° (i.e. +£% rad).
To choose between the two, use the velocity: v(t) = —z wsin(wt + ¢), soatt = 0, v =
—zywsin ¢. Since the particle moves in the positive direction, v > 0, which requires sin ¢ < 0,
i.e. ¢ negative.

¢ = —60" = —% rad.

3.1.3 Period and frequency

The period 7' is the time for one complete oscillation, and the frequency f = 1/T is the number of
oscillations per second. Because cos(wt + ¢) repeats every time wt increases by 2,

2 1
T=" f=_=_
w T 2r

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 97



BENO.}S? Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

For the mass-spring system, substituting w = \/k/m gives

m
T =2m )2
™ %

Notice that 7" does not involve z, at all — the period of SHM is completely independent of amplitude.
A spring oscillating with a large amplitude and one oscillating with a small amplitude, released at
the same instant, complete each cycle in exactly the same time (the large-amplitude motion simply
moves faster to cover the greater distance).

For a simple pendulum of length L swinging through small angles 6, the restoring force along the
arc is the tangential component of gravity, ' = —mgsin 6. For small 6 (in radians), sinf ~ 6 = x/L
where x is the arc-length displacement, so

Fﬁu—mg% = a:—%:v,

which is exactly the SHM form a = —w?z with w? = g/L. Hence

T =2my [ —.
g

Just as for the spring, this period is independent of amplitude (provided the small-angle approxima-
tion holds, typically § < 10°) and independent of the mass of the bob — only L and g matter.

4 2
Squaring the pendulum formula gives T? = iL, a linear relation between T2 and L. This un-

derlies a standard laboratory method for determining the local gravitational field strength: measuring
the period for several different pendulum lengths and plotting 72 (vertical axis) against L (horizontal
axis) produces a straight line through the origin whose gradient equals 472 /g, from which g can be
found without needing to measure g by any other means. The same graphical strategy — plot the
square of the period against whatever length or mass parameter appears under the square root —
works equally well for the mass-spring system, where a graph of T2 against m has gradient 472 /k.

. 2 /1
Angular frequency — period: 7' = o —
w

w

Mass-spring system: T = 27, % (independent of amplitude).

. IL . .
Simple pendulum (small angle): T = 27,/ — (independent of amplitude and mass).
g

GIAI THICH TIENG VIET
Day 13 hai diém hoc sinh IB hay bi mat diém: (1) chu ky SHM KHONG phu thudc bién do —
dao dong bién do 1&n hay nho déu mat cuing mot khoang thai gian cho mét chu ky; (2) véi con
l3c don, chu ky KHONG phu thudc khoi lugng vat ndng — chi phu thudc chiéu dai day L va
gia toc trong trudng g. Cong thirc con I3c don CHI dung khi géc 1éch nhé (xap xi sin 6 = 6); véi
gbc léch I6n, chu ky thuc té sé 16n hon gia tri tinh tir cong thirc nay.

Vi du mAu - Period of a mass-spring system and a pendulum

(@) A 0.50 kg mass is attached to a spring of constant &k = 200 N m . Find the period and
frequency of its oscillation.

(b) A simple pendulum has length L = 1.00 m. Find its period on Earth (g = 9.81 m s72).
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0.50
(@) T = 2, /% = 2my [ 5o = 2m/0.0025 = 2m(0.0500) = 0.314s.

1 1

/L /1.
b)T =2m/— =27 % = 27v/0.1019 = 27(0.3193) = 2.01 s.
g .

() Lé6i thueng gap: Nhiéu hoc sinh nghi ring bién do 16n hon thi "vat di xa hon nén mat nhiéu
thoi gian hon cho mot chu ky” — diéu nay SAI déi véi SHM ly tuang. Bién do I6n hon cling
déng nghia vai téc dod trung binh I6n hon, va hai hiéu (ng triét tiéu Ian nhau, gilr nguyén 7.
Durng nham I1an: bién do anh hudng dén v,,.,, Va ., nhung KHONG anh huéng dén T hay f.

3.1.4 Energy in simple harmonic motion

The quantitative (graphical and algebraic) treatment below is Additional Higher Level (AHL) content; at Standard
Level only the qualitative interchange between kinetic and potential energy is required.

As an oscillator moves, energy continuously converts between kinetic energy (KE) and potential
energy (PE — elastic potential energy for a spring, gravitational potential energy for a pendulum),
while the total mechanical energy remains constant (assuming no damping/friction).

At the extremes © = +x, the object is momentarily at rest, so all the energy is potential: £ =
%kx%. At the equilibrium position z = 0, all the energy is kinetic and the speed is maximum: £ =
1

$Mumay. Since both expressions equal the same constant total energy,

1
E = §kx3 = imvﬁqax.
At any intermediate displacement z (with instantaneous speed v), the energy splits between the two

forms: ) .
KE = 5mvz, PE = 5k:z:Q, KE + PE = E (constant, at all times).

A graph of PFE against displacement z is an upward-opening parabola (PE = %k’xQ), zero at
equilibrium and maximum at the turning points; a graph of K E against z is the complementary
downward-opening parabola (KE = E — %kzxz), maximum at equilibrium and zero at the turning
points. At every value of x the two curves add to the same constant total F, so graphically one is
simply the vertical mirror image of the other, reflected about the horizontal line y = E that represents
the total energy.

T +

T/2 T 3T /2 27

—xg |

Displacement-time graph x(t) = x, cos(wt), for an oscillator released from z = x at ¢ = 0. The pattern repeats every
period T'.
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energy — KE(t)--- PE(t)

T/2 T 3T/2 2T
K FE and PE oscillate out of phase and each complete two full cycles per period T (since both depend on sin® or cos?);
their sum KE + PE = E is constant at every instant.

1 1 1 1
E = 5/%3 = §mvr2“ax (total energy, constant) KE = §m112 PE = §kw2 KE +

PE =FE.

GIAI THICH TIENG VIET
Diém mau chét: téng nang lugng E khéng d6i trong suét qua trinh dao dong (bé qua ma sat)
— no chi lién tuc "chuyén hda qua lai” gitra ddng nang va thé nang. Tai vj tri bién (z = +z):
toan bo 13 thé ndng, déng ndng bang 0. Tai vi tri can bang (z = 0): toan bd 13 déng ning, thé
ning bing 0. Db thi KE va PE theo th&i gian dao déng vai tin s6 GAP DOI tin s6 dao dong
cla z(t) — day I chi tiét hay bj hai trong dé trac nghiém.

Vi du mAu - Energy conservation in SHM

A 0.20 kg mass oscillates on a spring with &k = 50 N m " and amplitude z, = 0.10 m. Find (a)
the total energy, (b) the speed at z = 0.050 m, and (c) the maximum speed.

[ay

KE =FE—-PFE =0.25—-0.0625 = 0.1875 ) = v = \/2 KE = \/2(0'1875) =Vv1875 =137Tms7".

m 0.20
_ J2E  [2(0.25) B .
(€) Vpax = \/—m =1/ 000 = V2.5 =158ms %

3.1.5 Damped oscillations

Real oscillators always lose energy to resistive forces (friction, air resistance, internal viscous forces),
so in practice the amplitude gradually decreases. This is called damping. The amount of resistance
present determines the qualitative behaviour of the system, and three regimes are recognised.
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Damping regime Behaviour Typical example

Light (under-) Oscillates with a slowly, exponentially de- A pendulum or tuning fork swinging
damping creasing amplitude; many cycles are com- freely in air.
pleted before the motion dies out.
Critical damping  Returns to equilibrium in the shortest pos-  Car suspension / shock absorbers;
sible time without overshooting or oscil- analogue (moving-coil) meter nee-

lating at all. dles.
Heavy (over-) Returns to equilibrium without oscillating, A door-closing mechanism sub-
damping but more slowly than the critically damped merged in a very viscous fluid.
case.

On a displacement-time graph, light damping still looks broadly sinusoidal, but each successive
peak is smaller than the last: the peaks trace out a smoothly decaying envelope (often very close
to exponential decay) rather than staying at constant amplitude, while the time between successive
peaks remains very close to (though not identically equal to) the undamped period. Critical and
heavy damping, in contrast, produce no peaks at all after release — the displacement-time graph
simply approaches zero smoothly, faster in the critically damped case than in the heavily damped
case, and in neither case does the system ever cross back through equilibrium more than once.

. GIAI THICH TIENG VIET

Ba murc do tat dan can phan biét ré: (1) tat dan nhe — van dao dong qua lai nhiéu [an nhung
bién dd giam dan; (2) tit dan téi han — trd vé vi tri can bing NHANH NHAT ma KHONG dao
dong (khéng vuot qua vi tri can bang); (3) tat dan manh (qua téi han) — cling khéng dao dong,
nhung trd vé can bing CHAM hon tit dan t&i han. Meo nhé: giam xéc 6 to duoc thiét ké &
ché& d6 t&i han — vira khéng "nay” [én xuéng, vira 6n dinh nhanh nhat.

3.1.6 Forced oscillations and resonance

Every oscillating system has its own natural frequency f, — the frequency at which it oscillates freely
once disturbed. If instead an external periodic force continually drives the system at some frequency
fariver» the system undergoes forced oscillation at the driving frequency.

When the driving frequency is close to the natural frequency, fy..r = f,, the amplitude of the
forced oscillation becomes very large. This phenomenon is resonance. Physically, at resonance the
driving force is doing work on the system in step with its natural motion on every cycle, so energy
is transferred into the oscillation efficiently rather than being partly "wasted” fighting against the
system’s own timing.

Everyday and technological examples of resonance include:

¢ A child on a swing goes highest when pushed at exactly the swing’s own natural frequency.

e Bridges and tall buildings can be driven into large, potentially destructive oscillations by wind
gusts or earthquake vibrations whose frequency content overlaps the structure’s natural fre-
qguency (famously the 1940 Tacoma Narrows Bridge collapse).

¢ A radio tuning circuit is an electrical oscillator whose natural (resonant) frequency is adjusted
(e.g. via a variable capacitor) to match the frequency of the desired broadcast station, selectively
amplifying that one signal.

Damping reduces the sharpness and height of the resonance peak: a heavily damped system shows
only a modest amplitude increase near f,,, spread over a wider range of driving frequencies, while a
lightly damped system shows a very tall, narrow resonance peak. A graph of steady-state oscillation
amplitude against driving frequency — a resonance curve — therefore always peaks at (or extremely
close to) the natural frequency f,; the location of that peak is fixed by the system’s own physical
properties (mass and stiffness for a mechanical oscillator, inductance and capacitance for an electrical
one), while its height and sharpness are controlled entirely by how much damping is present.
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amplitude

—— light damping
- - - medium damping
----- heavy damping

driving frequency

Resonance curves for the same oscillator under three different amounts of damping. All three peak at the same natural
frequency f; lighter damping gives a taller, narrower peak, while heavier damping gives a lower, broader one.

GIAI THICH TIENG VIET
Cong hudng (resonance) xay ra khi tan s6 cla luc cudng bire (driving frequency) gan bang tan
s6 dao dong riéng (natural frequency) ctia hé — lic do bién do dao dong tang vot. Day la ly do
vi sao day xich du dung nhip thi xich du bay rat cao, nhung day sai nhip thi gan nhu khéng tac
dung. Gidm chan (damping) cang 1&n thi dinh cong hudng cang thap va cang "tu” (trdi rong ra
nhiéu tan s6 hon) thay vi nhon va cao.

(') L6i thuong gap: Lbi thudng gap: nghi rang cong hudng chi xay ra khi tan s6 cuéng birc
bing CHINH XAC tan s6 riéng. Trong thuc té (c6 gidm chan), bién dé dat cuc dai tai mot tan
s gdn f, va van Ign trong mot dai tan s6 hep xung quanh f, — khéng phai mot diém duy nhat.
Ciing dirng nham "tan s6 riéng” (natural frequency, tinh chat ndi tai ctia hé) vai "tan sé cudng
birc” (driving frequency, do ngoai luc ap dat).

3.2 The Wave Model

Having established how a single point oscillates in SHM, this section turns to what happens when
that oscillation is passed from one point of a medium to its immediate neighbour, generating a trav-
elling disturbance — a wave. A common handful of quantities (amplitude, frequency, wavelength,
speed, intensity) describe every kind of wave, whether it is a ripple on a pond, a sound wave in
air, or an electromagnetic wave crossing empty space, and the relationships between them recur
throughout the remainder of this chapter, from interference to the Doppler effect.

3.2.1 Transverse and longitudinal waves

A wave is a transfer of energy (and information) through a medium (or through vacuum, for electro-
magnetic waves) without a net transfer of matter. Each particle of the medium oscillates about a
fixed equilibrium position as the wave passes; it is the pattern of oscillation, not the particles them-
selves, that travels.

Khai niém cét 16i

In a transverse wave, the oscillation of the medium is perpendicular to the direction the wave
travels (e.g. waves on a string, water surface waves, all electromagnetic waves including light).
In a longitudinal wave, the oscillation is parallel to the direction of travel, producing alternating
regions of compression and rarefaction (e.g. sound waves in air, and the P-waves generated
by earthquakes).
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A wavefront is a surface (or, in two dimensions, a line/curve) joining all points of a wave that are in
the same phase — for example, all the points currently at a crest. A ray is a line drawn perpendicular
to the wavefronts, showing the local direction of energy travel. Far from a point source, wavefronts
become nearly flat (plane waves) and the rays become parallel straight lines. Close to a point source,
wavefronts are (segments of) circles in two dimensions or spheres in three dimensions, and the rays
point radially outward from the source; this distinction matters later in the chapter, since the inverse-
square law for intensity (Section C.2.4) applies specifically to spherical wavefronts spreading from a
point source.

A stretched slinky spring can demonstrate both wave types with the same apparatus: shaking
one end from side to side sends a transverse wave rippling along it, while sharply pushing and pulling
one end along its own length sends a longitudinal wave of compressions and rarefactions travelling
down the coils — a useful reminder that the transverse/longitudinal classification describes only the
relationship between the oscillation direction and the propagation direction, not some property of
the medium itself.

GIAI THICH TIENG VIET

Soéng ngang (transverse): phuong dao dong VUONG GOC véi phuong truyén séng — vi du
anh sang, song trén day, séng mit nudc. Séng doc (longitudinal): phuong dao ddng TRUNG
véi phuong truyén song, tao ra cac vung nén (compression) va gian (rarefaction) xen ké — vi
du dién hinh nhat 13 am thanh. Meo phan biét nhanh: am thanh KHONG truyén duoc trong
chan khéng (can moi trwdng vat chat dé "nén-gian”), con dnh sang thi truyén duoc trong chan
khong vi la séng dién tir ngang.

3.2.2 The wave equation and wave graphs

For any periodic wave, the speed v, frequency f, and wavelength ) are related by the fundamental
wave equation:
v=fA

This simply expresses that in one period " = 1/ f, the wave pattern advances forward by exactly
one wavelength A\, sov = \/T = fA.
Two different kinds of graph are used to describe a wave, and it is essential not to confuse them:

¢ A displacement-position graph is a "snapshot” of the whole wave at one instant in time; the
horizontal axis is position, and the distance between two successive crests (or any two points a
full cycle apart) is the wavelength ).

¢ Adisplacement-time graph tracks a single point of the medium as time passes; the horizontal axis
is time, and the wave’s cosine/sine shape has exactly the same form as the SHM displacement-
time graph of Section C.1 (each particle of the medium itself performs SHM as the wave passes
through it) — the time for one repeat is the period T

The frequency of a wave is fixed by whatever is generating it (the source) and does not change
as the wave crosses into a new medium. The wave equation v = f\ then shows that if the speed
v changes on entering a new medium — which it generally does, since wave speed depends on
the mechanical or electromagnetic properties of the medium the wave is travelling through — the
wavelength A must change in direct proportion while f stays fixed. This principle is used again later
in the chapter, for refraction (Section C.2.7) and for sound crossing from air into water.
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plitude /\ /
\/ \_/ o

<—tmugh—>

wavelength \

displacement
A crest

Displacement-position snapshot of a transverse wave: amplitude is the maximum displacement from equilibrium;
wavelength is the distance between successive crests.

Wave equation: v = f\. Displacement-position graph — shows . Displacement-time
graph — shows T

GIAI THICH TIENG VIET

ong thirc v = f la cong thirc nén tang nhat clia chuong séng — hau nhu bai toan nao cling
dung dén. Luu y phan biét hai loai do thi: do thi li dd theo VI TR (mét khoanh khic, cho biét
budc séng \) va do thi li dd theo THOI GIAN (tai mét diém cd dinh, cho biét chu ky 7') — nhin
qua c6 thé giéng hét nhau vé hinh dang (déu 13 ham sin/cos) nhung truc hoanh mang y nghia
hoan toan khac nhau.

Vi du miu - Applying v = f\

A sound wave in air has frequency 256 Hz and travels at 340 m s—!. Find (a) its wavelength
in air, and (b) its wavelength after it enters water, where the speed of sound is 1480 m s~!
(frequency is unchanged on crossing into a new medium).

v 340
(a) )\air == ? == ﬁ == 133 m.
v 1480
(b) Awater - ? - % - 578 m.

Vi du mau - Reading amplitude, wavelength, and period from graphs

A transverse wave travelling on a string is described by two graphs recorded by a student:
a displacement-position snapshot shows a maximum displacement of 2.5 cm and successive
crests 0.40 m apart; a displacement-time graph, recorded at one fixed point on the string,
shows the same point returning to the same displacement and velocity every 0.25s. Find
(a) the amplitude, (b) the wavelength, (c) the frequency, and (d) the wave speed.

(a) The peak height of the displacement-position graph directly gives the amplitude: =, =
2.5cm = 0.025 m.

(b) The distance between successive crests on the displacement-position graph is the wave-
length: A = 0.40 m.

. . . . . 1
(c) The repeat time on the displacement-time graph is the period: T = 0.25s, so f = T =

1
. _40Hz
025~ +0Hz

(d)v=f\=4.0x0.40=0.16 ms 1.
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3.2.3 Phase difference

Two points on the same wave (or two different waves of the same frequency) generally reach their
maximum displacement at different times; this timing offset is the phase difference. It can be ex-
pressed as a fraction of a full cycle, in degrees, or in radians, and it is directly linked to the path
difference (the difference in distance travelled) between the two points, measured in wavelengths:

path difference path difference
3 x 360° = 3

Two points separated by a path difference of exactly A (or any whole number of wavelengths) are in
phase (phase difference 0°, or an integer multiple of 360°); two points separated by \/2 (or an odd
multiple of it) are in antiphase (phase difference 180°).

phase difference = x 2m rad.

A A
phase difference = Tg: x 360° = Ta: x 2m rad, where Az is the path difference.

On superimposed displacement-time graphs, two waves that are in phase rise and fall together,
peak for peak; two waves in antiphase have one curve’s peaks aligned exactly with the other curve’s
troughs. Any other phase difference produces peaks offset from each other by the same fraction of
the period as the fraction of a wavelength computed above — an equivalence between a fraction of
a wavelength (a spatial idea) and a fraction of a period (a temporal idea) that is only possible because
every point of the wave oscillates at exactly the same frequency.

- GIAI THICH TIENG VIET

Do léch pha (phase difference) chi don gian la "khoang cach duong di” Az duoc déi ra don vi
"phan trdm cta mot budce séng”, réi nhan véi 360° (hodc 27 rad) d€ ra goc léch pha. Hai diém
cach nhau ding 1), 2), 3),...thi ludn CUNG PHA (dao déng y hét nhau tai moi thai diém); cach
nhau \/2, 3)\/2,...thi luon NGUGQC PHA.

Vi du mau - Phase difference from path difference

Two points on a wave of wavelength 0.80 m are separated (along the direction of travel) by
0.60 m. Find the phase difference between them in (a) fraction of a cycle, (b) degrees, (c) radians.

. 0.60
Fraction of a cycle: 0.80 = 0.75 cycle.

(b) 0.75 x 360° = 270°. (€) 0.75 x 27 = 1.5 ~ 4.71 rad.

3.2.4 Wave intensity

The intensity I of a wave is the power it delivers per unit area perpendicular to the direction of
travel: P
== II=Wm 2
SO
For a source that radiates power P uniformly in all directions (an isotropic point source), the power
at distance r is spread evenly over the surface of an imaginary sphere of radius r, of area 47r2. Hence
P 1
I=— = JTx-—
Amr2 xR
the inverse square law: doubling the distance from the source reduces the intensity to one quarter,
tripling the distance reduces it to one ninth, and so on.

Intensity is also proportional to the square of the wave’s amplitude, I A?,mp (this follows from
energy considerations: the energy of an oscillating particle is proportional to the square of its am-
plitude, exactly as £ = %lmg in Section C.1). Combining the two relations for a point source, since
I'oc1/r*and I o< A3, it follows that A, oc 1/7.

amp?
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P ) P 1
I= Pointsource: I = —— — [ x — I x A2

: 1
A A2 72 amp Aamp 7

- GIAI THICH TIENG VIET
Dinh luat nghich dao binh phuong (inverse square law) 1a hé qua truc ti€p cta viéc nang lugng
lan téa déu trén mit ciu dién tich 47r? — dién tich nay ting theo binh phuong khoang cach,
nén cuong do (nang luong trén mot don vi dién tich) gidm theo binh phuong khoang cach.
DPirng quén MOT LUU Y quan trong: cudng do ti l1é vai BINH PHUONG bién dd, khéng phai
bién do — néu khoang cach tang gap doi, bién d6 chi giam con mot nira (khéng phai mot phan
tw).

Vi du mau - Inverse square law and amplitude

A point source radiates sound uniformly with power P = 8.0 x 10~2 W. Find (a) the intensity
at r = 4.0 m, (b) the intensity at » = 8.0 m, and (c) the ratio of the wave amplitudes at these
two distances.

P 80x10° 80x107

2

I, = - - —3.98x10°Wm 2.
@ L= 107~ oy 201.1 8 m
80x 1073 80x1073 9
b) I = - —9.95x 105 Wm2
e W EXE 804.2 x

(c) Since r doubles, I falls to one quarter (check: 3.98 x 107°/9.95x 10~6 ~ 4.0); since I Agmp,
the amplitude ratio is A,/ Ag = v4.0 = 2.0.

It is worth being careful to distinguish power P (measured in watts, a property of the source
alone, independent of distance) from intensity I (measured in W m72, which necessarily depends on
how far away the receiving area is from the source). A source that sounds louder or looks brighter
at a given location is not necessarily more powerful — it may simply be closer.

(1) Loi thuong gap: Loi thuong gap: khi khoang cach ting gap doi, hoc sinh hay tinh nham
cuong do gidm con mot nira (theo ti lé bac nhat) thay vi mot phan tu (theo binh phuong). Ludn
nhd& binh phuong ti s6 khoang cach khi dung I o 1/72.

3.2.5 The electromagnetic spectrum

Electromagnetic (EM) waves are transverse waves consisting of oscillating electric and magnetic
fields, requiring no medium; in vacuum, every EM wave travels at the same speed, ¢ = 3.00 x
108 m s~ 1, regardless of frequency. The families of EM wave differ only in frequency (and corre-
spondingly, via v = f), in wavelength).

Region Approximate wavelength range
Radio waves greater than 1 m (up to km)
Microwaves Immtolm

Infrared 700 nm to 1 mm

Visible light 400 nm to 700 nm
Ultraviolet 10 nm to 400 nm

X-rays 0.01 nm to 10 nm
Gamma rays less than 0.01 nm

Each region of the spectrum has characteristic applications tied to how it interacts with matter.
Radio waves carry broadcast and wireless communication signals; microwaves are used in radar and,
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at a frequency chosen to resonate with water molecules, in microwave ovens; infrared is emitted
strongly by warm objects and is used in thermal imaging and remote controls; ultraviolet causes
sunburn and is used for sterilisation; X-rays penetrate soft tissue but are absorbed by bone, making
them useful for medical imaging; and gamma rays, the most penetrating and highest-energy of all,
are used (carefully controlled) in cancer radiotherapy and are emitted during radioactive decay.

All EM waves travel at ¢ = 3.00 x 10® m s~! in vacuum; ¢ = f\ links frequency and wavelength
for every region of the spectrum.

. GIAI THICH TIENG VIET

Toan bd quang phé dién tir — tir séng radio dén tia gamma — déu [ CUNG mét loai séng
(song dién tir ngang), chi khac nhau vé tan s6/budc séng, va déu truyén véi ciing van toc
¢ = 3.00 x 10 m/s trong chan khéng. Thi tu budc séng gidm dan (tan sé ting dan) can thudc
long: radio — vi ba (microwave) — héng ngoai (infrared) — dnh sang nhin thady — tr ngoai
(UV) — tia X — tia gamma.

3.2.6 Polarization

Transverse waves can oscillate in any direction perpendicular to their direction of travel. Unpolarized
light (e.g. from the Sun or an ordinary lamp) contains oscillations spread over all these perpendicular
directions simultaneously. Plane-polarized light oscillates in only one fixed plane.

A polarizer is a filter that transmits only the component of the electric field oscillation parallel
to its transmission axis; light emerging from a polarizer is plane-polarized. If plane-polarized light of
intensity I, then strikes a second polarizer (called an analyser) whose transmission axis is at angle ¢
to the first, Malus’s law gives the transmitted intensity:

I = I,cos?4.

When unpolarized light of intensity I, first passes through a single polarizer, exactly half the intensity
is transmitted (since, averaged over all incoming oscillation directions, (cos? §) = %), regardless of
the polarizer’s orientation: I = I,/2.

Because longitudinal waves oscillate only along their direction of travel (there is no perpendicular
direction to restrict), they have no analogous "plane” of oscillation to select — longitudinal waves
(such as sound) cannot be polarized. The very possibility of polarizing a wave is itself evidence that
the wave is transverse.

. . . 1 . .
Unpolarized light through one polarizer: I = 50. Malus’s law (already-polarized light

through an analyser at angle 6): I = I, cos? 0. Longitudinal waves cannot be polarized.

. GIAI THICH TIENG VIET

Hai buéc can phan biét ré: (1) anh sang KHONG phan cuc di qua kinh phan cuc dau tién —
cudng do LUON giam con ding mét nlra (1,/2), bat ké géc cda kinh; (2) anh sang DA phan cuc
(sau kinh dau) di qua kinh phan cuc th hai (analyser) & géc 6 so vai kinh dau — dung dinh luat
Malus I = I, cos?6. L6i rat phd bién Ia &p dung cos? § ngay tir &nh sang chua phan cuc ban
dau ma bo qua budc chia doi.

Vi du mau - Malus’s law with two polarizers

Unpolarized light of intensity 80 W m > passes through a polarizer, then through a second po-
larizer (analyser) whose axis is at 60° to the first. Find the intensity emerging from the analyser.
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1, _
After the first polarizer: I, = 50 = 8—20 —40Wm >,
After the analyser (Malus's law): I, = I, cos2(60°) = 40 x (0.500)2 = 40 x 0.250 = 10 W m "~

Polarization has several everyday applications: polarizing sunglasses block much of the strongly,
horizontally polarized glare reflected from water or a road surface; LCD screens use polarizing filters
together with a liquid-crystal layer to control the brightness transmitted by each pixel; and pho-
toelastic stress analysis passes polarized light through certain transparent plastics under mechanical
load, revealing internal stress patterns as coloured fringes. It is also worth noting the special case
6 = 90°: since cos?(90°) = 0, crossed polarizers (transmission axes perpendicular to each other)
block the beam completely, transmitting no light at all.

(!) L6i thuong gap: Loi thudng gap: quén hé s6 3 khi anh sang ban dau CHU'A phan cuc — chi
ap dung cos? # cho buéc di qua kinh phan cuc THU HAI tra di, khong ap dung cho budc dau
tién (t&r anh sang tu nhién chua phan cuc).

3.2.7 Refraction and Snell’s law

When a wave crosses the boundary between two media in which it travels at different speeds, its
direction of travel generally changes — this is refraction. The refractive index of a medium is defined
by

n=-,
v

where v is the speed of light in that medium (so n > 1 always, with n = 1 exactly in vacuum). A
medium with a larger n is described as optically denser.

Snell’s law relates the angles of incidence 6, and refraction 6, (both measured from the normal
to the boundary) to the refractive indices of the two media:

nl Sin 01 — n2 Sin 92.

Light bends towards the normal when entering a denser medium (n, > n,) and away from the normal
when entering a less dense medium (n, < n4).

If light travels from a denser medium (n,) towards a less dense medium (n, < n,), there is a
critical angle of incidence 6. beyond which no refracted ray exists at all and the light undergoes total
internal reflection. 6, is found by setting 6, = 90° in Snell’s law:

nysinf. =ny,sin90° =n, = sinf, = B2 (ny > ny).
US1
Total internal reflection is the principle behind optical fibres, which guide light along their length by
repeated total internal reflection at the fibre-cladding boundary.
D

C . . .y .
n=- Snell’s law: n, sin6; = n,siné, Critical angle (n; > n,): sinf, = e
1

Strictly speaking, the refractive index of a real material depends very slightly on wavelength, a
phenomenon called dispersion. Violet light is refracted marginally more than red light by ordinary
glass, because n is slightly larger at shorter wavelengths. This is why a glass prism spreads white light
into a continuous spectrum of colours, and why raindrops split sunlight into a rainbow: each wave-
length follows a very slightly different path through refraction (and, for the rainbow, an additional
internal reflection inside each droplet).
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GIAI THICH TIENG VIET

Chiét suat n = ¢/v cang LON thi 4nh sang truyén trong méi trudng dé cang CHAM. Khi anh
sang di tr moéi truong chiét suat I&n sang moi tredng chiét suat nho hon vai goc téi du lon
(vurot qua goc téi han 6.), toan bd anh sang bi phan xa tré lai — hién tugng phan xa toan phan
(total internal reflection) — day la nguyén ly hoat dong cua cap quang. Luu y: phan xa toan
phan CHI xay ra khi di t&r méi trudng chiét suat Ién (n,) sang méi trudng chiét suat nhé hon
(ny, < my), khéng xay ra theo chiéu ngugc lai.

Vi du miu - Snell’s law and the critical angle

Light travels inside glass of refractive index n; = 1.50 towards a glass-air boundary (n, = 1.00).
(a) If the angle of incidence inside the glass is 30.0°, find the angle of refraction in the air. (b)
Find the critical angle for total internal reflection at this boundary.

(@) ny sinf; = n,sinfy, = 1.50sin 30.0° = 1.00sin 6,

sinf, = 1.50 x 0.500 = 0.750 = 6, = 48.6°.

n 1.00
b)sing. = —2 = = — =0.667 = 60 = 41.8".
(b) ¢ py o 150 ¢

3.3 Superposition and Interference

Because waves add rather than collide, two or more waves can occupy the same region of space si-
multaneously and combine to produce effects with no counterpart in the motion of particles — most
strikingly, regions where waves reinforce each other and regions where they cancel completely. This
section develops the conditions under which such interference and diffraction patterns form and re-
main stable enough to observe and measure, culminating in the two classic quantitative techniques
of the topic: the double-slit experiment and the diffraction grating.

3.3.1 The principle of superposition and coherence

Khai niém cét 16i

When two or more waves overlap at a point in space, the resultant displacement is the vector
(algebraic) sum of the individual displacements each wave would produce on its own. This is
the principle of superposition. After the waves pass through each other, each continues on
unaffected — the overlap is purely a temporary combination of displacements.

For a stable, observable interference pattern (a fixed arrangement of reinforcement and cancella-
tion in space) to appear, the sources producing the overlapping waves must be coherent: they must
have the same frequency and a constant (unchanging) phase relationship to one another. Two inde-
pendent light bulbs, for instance, are not coherent — their relative phase drifts randomly and rapidly,
so any interference pattern is smeared out and unobservable. Laser light, or two slits illuminated by
a single source, are coherent.

Two coherent point sources emitting into open space — for example, two loudspeakers driven
by the same signal generator, or two dippers on a ripple tank driven by the same motor — produce
a two-dimensional interference pattern of alternating lines of constructive and destructive interfer-
ence radiating outward between the sources, each line traced out by the set of points whose path
difference from the two sources is constant.
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- GIAI THICH TIENG VIET
Nguyén ly chong chap (superposition) chi don gian la: khi hai séng gap nhau, ly dé téng hop
tai mot diém bang TONG DAI SO (c6 dau) ctia ly do tirng séng riéng 1é gay ra. Nhung dé quan
sat duwgc mot hinh anh giao thoa ON DINH theo thoi gian, hai ngudn song bat budc phai KET
HOP (coherent) — nghia 13 cling tan s6 va cé do léch pha KHONG DOI theo thdi gian. Day la
ly do thi nghiém Young diing anh sang t&r CUNG mét ngudn chiéu qua hai khe, thay vi dung
hai dén riéng biét.

3.3.2 Constructive and destructive interference

When two coherent waves of equal amplitude arrive at a point, the type of interference depends on
their path difference Az (the difference in distance each wave has travelled to reach that point):

Constructive interference (waves arrive in phase, resultant amplitude reinforced): Az = n),

n=0,1,2,3,..

Destructive interference (waves arrive in antiphase, resultant amplitude cancelled): Az =
1

<n+ 5) An=0,1,2,3, ...

These conditions strictly assume the two interfering waves have equal (or nearly equal) am-
plitude, so that destructive interference is close to complete cancellation. If the amplitudes are
unequal, the same path-difference conditions still identify the points of maximum and minimum re-
sultant amplitude, but the minima are no longer exactly zero: some residual amplitude, equal to the
difference between the two individual amplitudes, remains even at a path difference that satisfies
the "destructive” condition.

GIAI THICH TIENG VIET
mBi‘éu kién giao thoa la "ngdn nglr chung” xuat hién trong moi bai toan giao thoa (hai khe Young,

cach t&, mang méng,...): hiéu dudng di bing SO NGUYEN LAN buéc séng (Az = n)) —
giao thoa TANG CUGONG (van sang); hiéu duang di bing SO BAN NGUYEN LAN budc song
(Az = (n + %)) — giao thoa TRIET TIEU (van t&i).

3.3.3 Young's double-slit experiment

Thomas Young's classic experiment shines coherent light through two narrow, closely-spaced slits
S, and S, (separation d), producing an alternating pattern of bright and dark fringes on a screen a
distance D away, where D > d.

screen

P

D

Double-slit geometry: slit separation d, slit-to-screen distance D > d. The two rays reaching P are essentially parallel,
both at angle 6 to the central axis, with path difference S, P — S, P ~ dsin 6.
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Because D > d, the two rays travelling to a given point P on the screen are very nearly parallel,
both making the same angle 6 with the central axis. The path difference between them is then

Ax =dsinf.

Bright fringes (constructive interference) occur where Az = mJ), i.e. dsinf,, = mA for integer m.
For small angles, sin f ~ tan 6 ~ 0, and the position of the m-th bright fringe on the screen (measured
from the centre) is y,,, ~ Dtan6,, ~ D#,,. Combining,

AD
d~y6m:m)\ = ym:mT.
The spacing between adjacent bright fringes (Ay = v,,,.; — y,,,) is therefore

_AD

Ay 7

By the same geometric argument, dark fringes (destructive interference) occur where Az = (m + %) A

- . i AD . . . .
giving dark-fringe positions y = (m + %) Vi exactly midway between each pair of adjacent bright

fringes, consistent with the same spacing Ay = AD/d applying equally to the gaps between succes-
sive dark fringes.

D . .
Young's double-slit fringe spacing: Ay = )\7 (valid for D > d; d = slit separation, D = slit-to-
screen distance).

GIAI THICH TIENG VIET

. AD . . A , o . . .
Cong thirc Ay = v la cong thirc trong tam cua thi nghiém hai khe Young. Ghi nh& y nghia

tirng dai luong: d cang NHO (hai khe gan nhau) thi van giao thoa cang RONG (dé quan sat
hon); D cang LON (man cang xa) thi van cang RONG. L6i tinh toan phd bién nhat 13 quén dai
don vi d (thudng cho bing mm hodc um) va D (thuong cho bing m hodc cm) vé CUNG mét
don vi (mét) trude khi thay vao cong thirc.

Vi du miu - Double-slit fringe spacing

In a Young's double-slit experiment, the slit separationis d = 0.50 mm, the screenis D = 2.00 m
away, and the light used has wavelength A = 600 nm. Find the fringe spacing.

Converting to metres: d = 5.0 x 1074 m, A = 6.00 x 10" m.

_AD _ (6.00 x 1077)(2.00) ~ 1.20 x 10~°

= =24x102m=24 )
d 5.0 x 104 50 x 10 4 x 1075 m mm

Ay

(!) L6i thuong gap: L6i thudng gap: thay truc tiép d tinh bang mm va D tinh bang m vao cling
mot cong thire ma KHONG d6i don vi — dan dén két qua sai léch 1000 lan. Ludn déi TAT CA
cac chiéu dai (d, D, \) vé mét trudce khi tinh Ay.

3.3.4 Diffraction and single-slit diffraction

The qualitative idea of diffraction is Standard Level; the quantitative single-slit minimum condition asinf = \
developed below is Additional Higher Level (AHL) content.

Diffraction is the bending/spreading of waves as they pass around an obstacle or through an
aperture (gap). Diffraction is most pronounced — the spreading is greatest — when the size of the
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aperture or obstacle is comparable to the wavelength of the wave; when the aperture is much larger
than )\, the wave passes through with little noticeable spreading (approximately straight-line propa-
gation).

When light of wavelength )\ passes through a single slit of width a, it produces a diffraction
pattern on a distant screen consisting of a broad, bright central maximum flanked by much dimmer
secondary maxima, separated by dark minima. The angle to the first minimum on either side of the
centre satisfies

asing = \.

An important qualitative feature is that the central maximum is twice as wide (in angular terms) as
any of the secondary (side) maxima, since it extends from —60 to +6 where asind = ), while each
side maximum spans only one such angular interval.

This size comparison explains everyday observations. Sound waves, with wavelengths of order
0.1 to 1 m, diffract noticeably around door openings and corners, which is why speech can be heard
around a corner even without a direct line of sight to the speaker. Visible light, with wavelength of
order 500 nm, diffracts negligibly around everyday-sized objects and apertures, which is why ordi-
nary shadows have sharp edges — noticeable diffraction of light requires an aperture as narrow as a
human hair, or narrower.

Single-slit diffraction, first minimum: a sin @ = X (a = slit width). The central maximum is twice
as wide (angularly) as each side maximum.

- GIAI THICH TIENG VIET
Nhiéu xa (diffraction) 13 hién tuong séng "uén cong’” khi di qua khe hep hodc vong qua vat can
— cang RO RET khi kich thuédc khe/vat can XAP Xi buéc séng. Véi nhiéu xa qua mét khe don,
cong thirc asinf = X cho gdc téi curc ti€u dau tién (KHONG phai cuc dai) — dé nham véi cong
thirc cach tr. Van sang trung tam cuta nhiéu xa moét khe RONG GAP DOl cac van sang phu hai
bén.

Vi du mAu - Single-slit diffraction minimum

Light of wavelength 633 nm is incident on a single slit of width 0.015 mm. Find the angle to the
first diffraction minimum.

a=0015mm=15%x10"°"m,A=6.33x 107" m.

A 6.33x1077

ing =2 = = 0.0422 = 0 =242
T I T

3.3.5 The diffraction grating

Additional Higher Level (AHL) content.
A diffraction grating is a plate ruled with a very large number of closely and evenly spaced parallel
slits. Light passing through many slits interferes constructively, in directions given by

dsinf = n\, n=20,1,2,...,

where d is the grating spacing (the distance between adjacent slits, d = 1/N if the grating is specified
by N lines per unit length) and n is the order of the maximum. Because so many slits contribute,
grating maxima are extremely sharp and bright compared with the broad, low-contrast fringes of a
two-slit pattern, making a grating a very precise tool for measuring wavelength.

1
lines per unit length’

Diffraction grating: dsinf = n)\, where d =
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The sharpness of grating maxima improves as more slits contribute. With only two slits (Young’s
experiment) the transition from bright to dark across the pattern is gradual, but with the hundreds or
thousands of slits ruled into a typical grating, light from all the slits must line up constructively over
only an extremely narrow range of angles before contributions from slits far apart in the grating begin
to cancel each other out. The result is a set of maxima that are simultaneously very bright (energy
from a huge number of slits reinforcing) and very narrow (precise angular selectivity), which is exactly
what makes a grating a suitable tool for precise wavelength measurement, or spectroscopy.

GIAI THICH TIENG VIET
Cong thirc cach tir d sin @ = n trong giong cong thirc nhiéu xa mét khe nhung KHONG PHAI
|a mot — day 1a diéu kién cho cac van SANG (cuc dai, giao thoa tang cudng cla rat nhiéu khe),
khong phai van t6i. Khi dé cho "s6 vach trén mm” (lines per mm), nhé tinh d = 1/N va d6i don
vi can than (thudng N cho theo mm nhung A cho theo nm — phai dua vé cuing don vi mét).

Vi du mau - Diffraction grating

A diffraction grating has 300 lines per millimetre. Light of wavelength 589 nm is incident nor-
mally on the grating. Find (a) the grating spacing d, (b) the angle of the second-order (n = 2)
maximum, and (c) the highest order that can be observed.

1
(a) d= W =333 x 1073 mm = 3.33 X 1076 m.

2 1079 1.1 106
(b)sing, = " = 2089 x107)  LIT8 X107 ar) g 90 7o,

d  333x106  333x10°6
d 333x10°°

N = 580 % 109 = 5.66, so the

(c) The maximum possible order requires sinf < 1: ng,, <
highest observable integer order is n = 5.

3.3.6 A remark on thin-film interference

Enrichment beyond the core syllabus, included here for completeness.

A closely related phenomenon occurs when light reflects off the top and bottom surfaces of a
very thin transparent film (a soap bubble, or a thin layer of oil on water). The two reflected rays have
travelled slightly different path lengths (and one may undergo an extra 180° phase shift on reflec-
tion, depending on the refractive indices involved), so they interfere. Because the path difference
depends on both the film thickness and the wavelength of light, different colours interfere construc-
tively at different thicknesses, producing the shifting rainbow patterns visible on soap films and oil
slicks. The same principle, engineered deliberately with a coating of carefully chosen and highly
uniform thickness, is used to make anti-reflective coatings on camera lenses and eyeglasses: the
film thickness is chosen so that the two reflected rays interfere destructively for the wavelengths
the eye is most sensitive to, maximising the light that is transmitted through the lens instead of
reflected away.

GIAI THICH TIENG VIET

iao thoa mang mong (thin-film interference) la ly do tai sao bong bdong xa phong hay vang
dau trén mit nwdc cé mau sac lung linh thay déi theo géc nhin — anh sang phan xa tir mat trén
va mat dudi ctia I&p mang méng giao thoa v&i nhau, va vi hiéu dudng di phu thudc vao ca dé
day mang 1an budc séng, méi mau sé giao thoa tang cudng tai mot do day khac nhau.

3.4 Standing Waves and Resonance

Superposition applied to two identical waves travelling in opposite directions — rather than two
waves travelling side by side towards a distant screen — produces a qualitatively different result: a
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pattern that oscillates in place without travelling at all. Standing waves and the resonance phenom-
ena associated with them explain how strings, air columns, and countless other bounded systems
produce the discrete set of natural frequencies that underlie music, timekeeping, and much of ev-
eryday acoustics, and they connect directly back to the resonance idea first introduced for a single
oscillator in Section C.1.

3.4.1 Formation of standing waves

A standing (stationary) wave forms from the superposition of two identical waves (same frequency,
amplitude, and wavelength) travelling in opposite directions through the same region — typically an
incident wave and its reflection from a boundary. Unlike a travelling wave, a standing wave does not
transport energy along its length; instead, energy is exchanged locally between kinetic and potential
forms.

Khai niém cot 16i

At certain fixed points, called nodes, the two component waves are always in antiphase and
cancel completely — the displacement there is permanently zero. Midway between adjacent
nodes are antinodes, where the two waves are always in phase and reinforce — the displace-
ment oscillates with maximum amplitude. Nodes and antinodes stay fixed in space (they do
not travel), which is why the pattern is called "standing.”

Adjacent nodes are separated by half a wavelength, A\/2; the distance from a node to the next
antinode is a quarter wavelength, \/4.

Adjacent node-to-node (or antinode-to-antinode) spacing: /2. Node-to-adjacent-
antinode spacing: \/4.

Because a standing wave is built from two travelling waves of equal amplitude and frequency
moving in opposite directions, they carry equal amounts of energy in opposite directions at every
point, and the net energy flow along the string or air column averages to exactly zero. Unlike a
travelling wave, a standing wave does not transport energy from one end of the medium to the
other; it only exchanges energy locally, between kinetic and potential forms, exactly as an SHM
oscillator does at each individual point. This is precisely why standing waves are the natural way
a musical instrument sustains a steady note: energy fed in continuously by bowing, blowing, or
plucking accumulates in the standing-wave pattern rather than radiating straight away along the
string or air column.

GIAI THICH TIENG VIET
ong dung hinh thanh khi HAI song giéng hét nhau (cung tan s6, bién d6, budc séng) truyén
nguoc chiéu nhau va chong chap — thudng gap nhat 13 séng téi va song phan xa tir mot dau co
dinh/tw do. NGt séng (node): vi tri LUON dirng yén (ly do = 0 moi ltic). Bung séng (antinode):
vi tri dao dong véi bién do6 CUC DAI. Khoang cach nat-nat hodc bung-bung lién ké la \/2;
khoang cach nut-bung lién ké 1a /4 — day Ia hai con s6 can thudc long dé giai nhanh moi bai
séng dirng.

3.4.2 Standing waves on a string fixed at both ends

A string of length L, fixed rigidly at both ends, must have a node at each end (the string cannot move
there). Only certain wavelengths "fit” this boundary condition — those for which an integer number
of half-wavelengths spans the string:

I =n.2n
" L
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Using v = f, the allowed (harmonic) frequencies are

v nuv
o= )\*n 9L nfi,
where f; = v/(2L) is the fundamental frequency (first harmonic, n = 1, a single antinode). n = 2
(second harmonic) has two antinodes, n = 3 (third harmonic) has three antinodes, and so on — the
harmonic number n equals the number of antinodes and also equals n + 1, the number of nodes.

A
n=1 /\
A
n =2
A
n=3

The first three harmonics of a string fixed at both ends. Dots mark nodes (fixed points of zero displacement); the curve
peaks (labelled A) mark antinodes. The harmonic number n equals the number of antinodes.

) 2L . .

String fixed at both ends: A\, = — i = % =nf,n = 1,2,3,... (all integer harmonics
n

allowed).

The wave speed v on a string depends on how tightly it is stretched and how massive it is per
unit length: increasing the tension increases v and therefore raises every harmonic frequency in
proportion — precisely how a guitar or violin string is tuned by turning its tuning pegs. A thicker
(more massive per unit length) string under the same tension and length has a lower wave speed
and therefore a lower fundamental frequency, which is why the thickest strings on a guitar produce
the lowest notes.

GIAI THICH TIENG VIET
Vi day hai dau c6 dinh, CA hai dau déu 1 nat — diéu kién nay cho phép TAT CA cac hoa am
nguyén (n =1, 2, 3, 4,...), khdng bd sét hoa am nao. Cong thic f,, = nf; c6 nghia la tan sé hoa
am th n ludn gap n lan tan sé co ban f; — chi can tinh f; mot [an réi nhan 1én.

Vi du mau - Harmonics on a string

A string of length 1.20 m, fixed at both ends, carries waves at speed 60 m s~!. Find (a) the
fundamental frequency, (b) the frequency of the third harmonic, and (c) the wavelength of the
second harmonic.

v 60 60
(@) fi= oL

— 2 95 Hz
5(120) 240 22
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(b) f3 = 3f, = 3(25) = 75 Hz.

2L
(c))\2:?:L:1.20m.

3.4.3 Standing waves in open-open pipes

A pipe open at both ends allows air to move freely at each end, so both ends must be displacement
antinodes. Whenever both boundary conditions are of the same type (both nodes, as on a fixed
string, or both antinodes, as in an open-open pipe), the allowed wavelengths satisfy the identical
mathematical relation L = n\,, /2. Consequently, an open-open pipe of length L supports exactly
the same harmonic series as a string of the same length:

_2L nv

)‘n T fn:27

- 7 nfi, n=1,2,3,..

where here v is the speed of sound in the air inside the pipe. All integer harmonics (fundamental,
second, third, ...) are present.

Open-open pipe: f, = % n =1,2,3,... (same harmonic series as a string fixed at both ends).

A flute is the standard real-world example of an (approximately) open-open pipe: both the mouth
hole (embouchure) and the far end are open to the atmosphere, so the instrument sounds its full,
unbroken series of harmonics — part of the reason a flute has a comparatively bright, harmonically
rich tone.

GIAI THICH TIENG VIET
Ong h& hai dau (open-open) c6 céng thirc GIONG HET day hai dau ¢6 dinh — mic du ban chat
vat ly khac nhau (mot bén 1a ndt, mot bén 1a bung), nhung vi CA HAI dau déu cling loai (déu
la bung & day), diéu kién toan hoc (L = n)\/2) khong déi, nén cho ra day du tat ca cac hoa 4m
nguyén.

Vi du mau - Open-open pipe harmonics

An organ pipe open at both ends has length 0.85 m and contains air in which the speed of sound
is 340 m s~ L. Find (a) the fundamental frequency, and (b) the frequency of the third harmonic.
@) v 340 340

—— =200 Hz.
(b) f5 = 3f, = 3(200) = 600 Hz.

h=31= 2(0.85)  1.70

3.4.4 Standing waves in open-closed pipes

A pipe closed at one end and open at the other has different boundary conditions at its two ends. At
the closed end, the air is rigidly constrained and cannot oscillate, so it must be a displacement node.
At the open end, the air is free to move and (to a good approximation) reaches maximum oscillation,
so it must be an antinode.

Because the two ends require different types of boundary condition, the allowed patterns are
those with a node at one end and an antinode at the other, meaning an odd number of quarter-
wavelengths must fit into the pipe length L:

LA B A

J— — — f— . n p—
=17 1 a0 L=n n=1,3,5,... (odd only).

Z7
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The allowed frequencies are therefore
nuv
fn 4L ) n 9 3) 5)
with fundamental f; = v/(4L). Even harmonics (n = 2,4, 6, ...) simply do not exist for this boundary

configuration — the "first overtone” above the fundamental is the third harmonic, f; = 3 f;, not the
second.

fundamental
closed end (node) open end (antinode)

overtone
closed end (node) open end (antinode)

Closed pipe: fundamental (L = \/4, one node, one antinode) and first overtone, the third harmonic (L = 3\ /4, two
nodes, two antinodes).

Open-closed pipe: f,, = %, n=1,3,5,... (odd harmonics only). Fundamental: f, = ﬁ

GIAI THICH TIENG VIET

Day |3 diém khac biéet QUAN TRONG NHAT gitra 6ng moét dau kin va cac hé khac: chi co cac
hoa am LE (n = 1, 3,5, ...) ton tai, vi mot dau 13 nat con dau kia 1 bung — hai diéu kién bién
KHAC LOAI. "Hoa am bac hai trén co ban” (first overtone) ctia 6ng kin thuc chat 13 hoa am bac
BA (f; = 3f,), KHONG phai bac hai nhu day hay 8ng hé hai dau — day 1a 16i hoc sinh m3c rat
thudng xuyén.

Vi du mau - Closed pipe harmonics

A pipe closed at one end has length 0.75 m and contains air in which the speed of sound is
340 m s~ 1. Find (a) the fundamental frequency and (b) the frequency of the first overtone.

v 340 340
(@) fi= =

4L~ 4(0.75)  3.00
(b) The first overtone is the third harmonic: f; = 3f; = 3(113) = 340 Hz.

=113 Hz.

(1) L6i thueng gap: Loi thudng gdp: 4p dung cong thurc f, = nv/(2L) (dung cho day hodc ong
h& hai dau) cho 8ng MOT DAU KIN — dan dén bo sét yéu t6 4L & mau s6 va tinh luén ca cac
hoa am chan vén khong tén tai trong ng mot dau kin.

A clarinet behaves acoustically as a closed-open pipe (closed at the reed end, open at the bell),
while a flute of similar length behaves as an open-open pipe. Because the closed pipe’s fundamental
is f; = v/(4L) rather than v/(2L), a clarinet sounds roughly an octave lower than a similarly sized
flute; and because its even harmonics are missing entirely, it has a characteristically hollow, "woody”
tone quality compared with the harmonically fuller flute.
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3.4.5 Resonance in standing-wave systems

Every string, air column, or tuning fork has its own set of natural (harmonic) frequencies, exactly as
derived above. If such a system is driven — plucked, bowed, blown across, or excited by a nearby
vibrating source — at (or very near) one of these natural frequencies, a large-amplitude standing
wave builds up: this is the same resonance phenomenon introduced in Section C.1, now applied to
an extended (rather than point-like) oscillating system. A struck tuning fork held above a resonance
tube, for example, drives the air column strongly only when the tube length matches (a quarter-
wavelength multiple of) the fork’s frequency; a singer’s voice can set a wine glass ringing loudly only
at the glass's own natural frequency.

GIAI THICH TIENG VIET

ong hudng trong hé song dirng (day dan, cét khong khi, dm thoa,...) hoat dong theo ding
nguyén ly d3 hoc & phan dao dong cuéng birc: khi tan sé kich thich TRUNG (ho3c gan trung)
v&i mot trong cac tan s6 hoa am tu nhién cua hé, bién dé song dirng ting vot. Day la ly do
cac nhac cu day/hoi tao ra am thanh I&n, ré rang & ding nhirng tin sé hoa am dac trung cua
chung.

The classic laboratory demonstration of this idea is the resonance tube experiment: a tuning fork
of known frequency is held above a vertical tube partially filled with water, and the water level is
lowered gradually until the air column resonates loudly at its fundamental length and, on further low-
ering, at its next allowed length — allowing the speed of sound to be determined from the measured
resonant lengths and the known frequency of the fork.

3.5 The Doppler Effect

The final wave phenomenon considered in this chapter arises whenever a source of waves, an ob-
server, or both are in relative motion: the frequency actually detected differs systematically from the
frequency emitted. The same underlying idea — developed first for sound, then adapted for light —
has applications ranging from measuring the speed of a passing vehicle to establishing that the uni-
verse itself is expanding, and it closes the chapter by tying together the wave equation, frequency,
and wavelength introduced all the way back in Section C.2.

3.5.1 Doppler effect for sound

The Doppler effect is the change in observed frequency (and wavelength) of a wave caused by rela-
tive motion between the source and the observer. When the source and observer are moving closer
together (whether because the source approaches, the observer approaches, or both), the observed
frequency [’ is higher than the emitted frequency f; when they move farther apart, [ is lower.

For sound, with v the speed of sound in the medium (taken as 340 m s~! in air unless stated
otherwise), v, the speed of the source, and v, the speed of the observer, the general Doppler formula

IS
v+,

v F v,

f=f

The sign convention: use the upper sign (+uv, in the numerator, —v, in the denominator) for whichever
motion brings source and observer closer together (raising f’); use the lower sign for motion that
moves them farther apart (lowering f’). Two important special cases are:

(i.e. = L approaching)
v—U

S

v
v F v,

Source moving, observer stationary: f'=f

Observer moving, source stationary: /=

f. v+, (i.e. f = M approaching>
» v
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General: [/ = f- % (top sign — closer together, higher f’; bottom sign — farther apart,
v v

s

lower f7).
Source approaching, observer stationary: f’ = v Observer approaching, source sta-
v — U,
tionary: f’ — M.
v

As a source’s speed v, approaches the wave speed v, the denominator v —v_ in f = fv/(v—w,)
approaches zero and the observed (approaching) frequency rises without bound, because successive
wavefronts pile up almost on top of one another just ahead of the source. If the source’s speed
actually reaches or exceeds the wave speed (v, > v), the wavefronts can no longer outrun the
source at all: instead they pile up together into a shock front, heard as a sonic boom for a supersonic
aircraft — a regime the simple Doppler formula above no longer describes.

. GIAI THICH TIENG VIET

Cong thirc Doppler tdng quat trong rdi vi cd ca dau cong 1an dau trlr, nhwng chi can nhg MOT
nguyén tic: néu chuyén dong khién ngudn va ngudi nghe TIEN LAl GAN nhau, tan s6 nghe
dugc TANG (dung dau lam cho f” 16n hon f); néu RA XA nhau, tan s6 GIAM. Vi s6 hang van
t6c ngudn & MAU SO, "tién lai gan” tuong (ng véi ddu TRU (mAu s6 nhé hon — phan s6 16n
hon); v&i s6 hang van téc ngudi nghe & TU SO, "tién lai gan” tuong tng véi ddu CONG (tir s6
I&n hon).

Vi du mau - Doppler effect — moving source

A train’s horn emits a frequency of 300 Hz. The train approaches a stationary observer at
25 m s~ 1, then (after passing) recedes at the same speed. Take the speed of sound as 340 m s .
Find the frequency heard by the observer (a) while the train approaches, and (b) while it re-
cedes.

fv300(340) 102000
v—uv, 340—25 315

fv300(340) 102000
v+v, 340+25 365

(a) Approaching (denominator shrinks): f = = 324 Hz.

(b) Receding (denominator grows): f' = = 279 Hz.

3.5.2 Doppler effect for sound: moving observer, and combined motion

The same reasoning applies when the observer, rather than the source, is moving. If the observer
moves towards a stationary source, more wavefronts are encountered per second than if stationary,
raising the observed frequency; moving away lowers it. When both source and observer move, the
appropriate signs are simply combined in the general formula.

Vi du mau - Doppler effect — moving observer, and both moving

A stationary source emits a frequency of 1000 Hz; take the speed of sound as 340 m s~ . (a)

An observer moves away from the source at 15 m s~!. Find the frequency detected. (b) Now

suppose instead the source also moves, towards the observer, at 10 m s—!, while the observer

moves towards the source at 15 m s~!. Find the frequency detected.

fv—w,) 1000(340 —15) _ 1000(325)
v N 340 340

(a) Observer receding: ' = = 956 Hz.
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(b) Both moving towards each other (numerator up, denominator down):

f(o+wv,)  1000(340 +15)  1000(355)

_ — 1076 Hz.
v—o, 340 — 10 330 076 Hz

/=

(!) L&i thueng gap: L6i thudng gap: viét sai dau trong cong thire, vi du dung £/ = f(v +v,)/v
khi ngudn dang TIEN LAI (dang I& van t&c ngudn phai ndm & MAU SO véi dau TRU). Cach kiém
tra nhanh: sau khi tinh ra f/, hay tu hdi "nguén/ngudi nghe dang lai gan hay ra xa?” — néu lai
gan ma f’ < f (hoac nguoc lai) thi chac chan da dung sai dau.

3.5.3 Doppler effect for light

Electromagnetic waves also exhibit a Doppler shift, but because the speed of light ¢ is a univer-
sal constant (not the speed of a mechanical medium), the exact relativistic formula differs from the
sound-wave case. However, for relative speeds v much smaller than ¢, the fractional shift in fre-
qguency (and, equivalently, in wavelength) is well approximated by

Af v . AN v
— o~ or equivalently —
f c A

A source approaching the observer has its light shifted to higher frequency (shorter wavelength)
— a blueshift. A source receding has its light shifted to lower frequency (longer wavelength) — a
redshift.

e ~ 2 (valid for v <« ¢). Approaching — blueshift (shorter ), higher f). Receding — redshift

@]
(longer A, lower f).

Beyond confirming cosmic expansion, precise Doppler measurements of starlight are also used
to detect exoplanets. A planet’s gravity causes its host star to wobble very slightly back and forth,
alternately approaching and receding from Earth, which produces a small, periodic Doppler shift
in the star’s spectrum — the radial velocity method — revealing the presence, orbital period, and
approximate mass of an otherwise invisible orbiting planet.

GIAI THICH TIENG VIET
Hiéu irng Doppler cho anh sang dung céng thirc GAN BDUNG AN/ =~ v/c, chi ap dung khi toc
d6 tuong déi v nho hon nhigu so véi c. Ngudn sang TIEN LAI GAN — buéc séng NGAN lai,
dich vé phia XANH DUONG (blueshift); ngudn sang RA XA — buéc séng DAI ra, dich vé phia
DO (redshift). Day chinh 1a bing chirng quan trong cho thay vi tru dang GIAN NO: hiu hét
cac thién ha xa x6i déu cho quang phd bi dich do.

Vi du mau - Doppler redshift of a distant galaxy

A hydrogen emission line normally observed in the laboratory at A = 486.1 nm is observed in
the spectrum of a distant galaxy at 492.0 nm. (a) State whether the galaxy is approaching or
receding from Earth. (b) Estimate the galaxy’s speed relative to Earth.

(a) The observed wavelength is longer than the laboratory value (492.0 nm > 486.1 nm) — this
is a redshift, so the galaxy is receding.
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(b) AN = 492.0 — 486.1 = 5.9 nm.

5.9
486.1

aA

ol

AN
= vAes == (3.00 x 10%) x = (3.00 x 108)(0.01214) = 3.64 x 105 m s~ 1.

3.5.4 Applications of the Doppler effect
The Doppler effect for light provided the observational foundation for one of the most important
discoveries in cosmology: nearly every distant galaxy shows a redshift in its spectrum, and (per Hub-
ble’s law) more distant galaxies are redshifted by proportionally more. This is the principal evidence
that the universe is expanding — galaxies, on average, are receding from one another, and the farther
away a galaxy is, the faster it appears to recede.
Doppler shifts are also exploited in everyday technology:
¢ Police (and weather) radar sends out a radio-frequency pulse and measures the Doppler shift of
the reflected signal to determine the speed of a moving vehicle (or the motion of rain/wind within
a storm).

¢ Medical Doppler ultrasound directs high-frequency sound waves into the body; reflections from
moving red blood cells are Doppler-shifted, and the size of the shift reveals the speed (and direc-
tion) of blood flow, used to detect blockages or monitor circulation non-invasively.

urge, how

spread-out wavefronts — lower f/  compressed wavefronts — higher f/

Wavefronts emitted at equal time intervals by a source moving to the right. Ahead of the source the wavefronts bunch
together (shorter observed wavelength, higher frequency); behind the source they spread apart (longer wavelength,
lower frequency).

GIAI THICH TIENG VIET
Ung dung thuc té€ cua hiéu trng Doppler rat da dang: (1) dich dé thién ha — bang chirng vii tru
gian nd; (2) radar ban téc dd — do do6 Iéch tan sé séng radio phan xa tir xe dang chay dé suy
ra van toc; (3) sieu am Doppler y khoa — do d6 Iéch tan sé séng siéu am phan xa tir héng cau
dang di chuyén dé xac dinh téc do va huéng dong mau, hé trg chan doan tac nghén mach mau
ma khoéng can phiu thuat.
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3.6 Problem Bank

Bai tap luyén tap

A particle undergoes SHM with amplitude 0.20 m and period 4.0 s. What is its maximum
speed?

(A) 0.10 mst (C) 0.63ms!
(B) 0.31 ms! (D) 1.57mst

Loi giai chi tiét

2 2w 1
=—=—=157lrads ".
W= T a0 T

Vpax = WTo = 1.571 x 0.20 = 0.314 ms ' ~ 0.31 ms L.

(B).

Bai tap luyén tap

A 0.40 kg mass on a spring of constant £k = 160 N m ' oscillates with amplitude 0.050 m. Find
(a) the angular frequency, period, and frequency of the motion; (b) the maximum speed and
maximum acceleration; (c) the speed when z = 0.030 m.

Lai giai chi tiét

(@) w = k/m = /160/0.40 = 400 = 20rads . T = 2r/w = 27/20 = 0.314s.
f=1/T =3.18 Hz.

(b) Vo = wzo = 20 x 0.050 = 1.0 m s, a,, = w?z; =400 x 0.050 = 20 m s~ 2.
(v = wy/z2—22 = 20,/(0.050)2 — (0.030)2 = 201/0.0025 —0.0009 = 20/0.0016 =
20(0.040) =[0.80m 5]

Bai tap luyén tap

Which of the following quantities remains constant throughout simple harmonic motion (in
the absence of damping)?

(A) Speed (C) Total mechanical energy
(B) Acceleration (D) Restoring force

Loi giai chi tiet

Speed, acceleration, and restoring force all vary continuously with displacement; only the total
mechanical energy £ = KFE + PE stays constant at every instant. (C).

Bai tap luyén tap

A simple pendulum has length 0.90 m. (a) Find its period on Earth (g = 9.81 m s72). (b) Find its
period on Mars, where g = 3.71 m s~2. (c) Find the percentage change in period from Earth to
Mars.
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Loi giai chi tiét

() Ty = 2my/L/g = 27/0.90/9.81 = 27/0.09174 = 27(0.3029) = 1.90 s.

(b) Ty, = 2m4/0.90/3.71 = 27/0.2426 = 27(0.4925) = 3.09 s.

3.09 — 1.90 :
(c) Percentage change = — x 100% = \ 62.6% increase \

Bai tap luyén tap

A vehicle’s suspension system is designed to return to equilibrium in the shortest possible time
without oscillating up and down. This describes:

(A) Light damping (C) Heavy (over-) damping
(B) Critical damping (D) Resonance

Loi giai chi tiét

By definition, critical damping returns the system to equilibrium fastest while just avoiding any
oscillation. (B).

Bai tap luyén tap

A 0.25 kg mass oscillates on a spring with &k = 100 N m ' and amplitude 0.080 m. Find (a)
the total energy of the system; (b) the speed at z = 0.040 m; (c) the displacement(s) at which
KFE = PFE.

Loi giai chi tiét

(@) E = 1ka? = £(100)(0.080)% = £(100)(0.0064) = 0.32 J.

-2

(b) PE = Jka? = 5(100)(0.040)% = $(100)(0.0016) = 0.080 J. KE = E—PE = 0.32—0.080 =

0.24 J.
2KFE 2(0.24
v:\/TZ 5)025):\/@: 1.39ms 1|
2(0.16)

() KE = PE means each equals E/2 = 0.16 ). PE = kz? = 0.16 = 22 = =

100
0.0032 = z = £0.057 m|

Bai tap luyén tap

Soldiers marching in step across a bridge at a certain pace cause the bridge deck to oscillate
with dangerously large amplitude. This is best explained by:

(A) Damping (C) Diffraction

(B) Resonance (D) Polarization

Loi giai chi tiet

The marching provides a periodic driving force; when its frequency matches (or nearly
matches) the bridge’s natural frequency, resonance produces a large-amplitude response. (B).
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Bai tap luyén tap

Soundisa wave, while lightisa _____ wave.
(A) transverse; longitudinal (C) longitudinal; longitudinal
(B) longitudinal; transverse (D) transverse; transverse

Loi giai chi tiét
Sound requires compressions/rarefactions parallel to its direction of travel (longitudinal); light
is an electromagnetic wave whose field oscillations are perpendicular to its direction of travel

(transverse). (B).

Bai tap luyén tap

A sound wave has frequency 256 Hz and speed 340 m s—! in air. (a) Find its wavelength in air.
(b) Find its period. (c) Find its wavelength after entering water, where the speed of sound is
1480 m s~ (frequency is unchanged).

Loi giai chi tiét
340
@A = ? =556 1.33m]|
T=1=_L —[391x107%s
f 256 i
1480
(©) Avater = 956 5.78 m]

Bai tap luyén tap

Two points on a transverse wave of wavelength 0.80 m are separated by 0.60 m measured
along the direction of travel. Find the phase difference between the two points in (a) fraction
of a cycle, (b) degrees, (c) radians.

Lai giai chi tiét

0.60
(a) T 0.75 cycle.

(b) 0.75 x 360° =[270°].
(c) 0.75 x 27 = 1.57 ~ [4.71 rad |

Bai tap luyén tap

A point source has intensity I at distance r. What is its intensity at distance 37?

(A) 1/3 (C) 31
(B) 1/9 (D) 91

Loi giai chi tiet

I o< 1/72, so tripling r divides intensity by 32 = 9. (B).
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Bai tap luyén tap

A loudspeaker radiates sound uniformly in all directions with power 8.0 x 10~2 W. Find (a)
the intensity at 4.0 m; (b) the intensity at 8.0 m; (c) the ratio of wave amplitudes at these two
distances.

Loi giai chi tiet

P 80x1073

7T = — —|3. 105 Wm 2|,

QL= 42 = a0y [3.08 <10 W™
8.0x 1073 5

b)[,=—————— =995 x10°Wm “|

b) Iy = = 50) a

(c) I,/Ig = 4.0 (distance doubled, intensity quartered); since I oc A%, amplitude ratio = /4.0 =

201

Bai tap luyén tap

[\)
o

Arrange the following in order of increasing wavelength: X-ray, microwave, visible light, gamma
ray.

(A) gamma < X-ray < visible < microwave (C) gamma < visible < X-ray < microwave

(B) microwave < visible < X-ray < gamma (D) X-ray < gamma < visible < microwave

Loi giai chi tiét
Gamma rays have the shortest wavelength, then X-rays, then visible light, then microwaves
(longest of the four). (A).

Bai tap luyén tap

Unpolarized light of intensity 80 W m > passes through a polarizer, then through an analyser
whose transmission axis is at 60° to the first polarizer. Find the intensity emerging from the
analyser.

Loi giai chi tiet

After the first (unpolarized — polarized) step: I, = I,/2 = 80/2 = 40 W m ™ >. Malus’s law for

the analyser: I, = I, cos?(60°) = 40 x (0.500)? = 40 x 0.250 = .

Bai tap luyén tap

Light travels from water (n = 1.33) into air. (a) If the angle of incidence in the water is 25°, find
the angle of refraction in the air. (b) Find the critical angle for total internal reflection at the
water-air boundary.

Loi giai chi tiét
(a) 1.33sin25° = 1.00sin 6, = sin 6, = 1.33(0.4226) = 0.5621 = 6, = |34.2°|
: 1.00
(b) sin 6, = % = 133 = 07519 = 0, =[48.8°]
1 .
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Bai tap luyén tap

A stable, observable interference pattern requires the two overlapping sources to be:

(A) equal in amplitude (C) polarized
(B) coherent (D) longitudinal

Lai giai chi tiét

A constant, unchanging phase relationship (coherence) between the sources is required; with-
out it any interference pattern shifts too rapidly to be observed. Equal amplitude is not re-
quired for a pattern to exist (though it does affect how dark the minima are), and neither
polarization nor being longitudinal is a requirement for interference at all. (B).

Bai tap luyén tap

Two coherent sources emit waves of wavelength 0.50 m. At a point P the path difference is
1.75 m. (a) State, with reasoning, whether interference at P is constructive or destructive. (b)
Find the smallest non-zero path difference that would produce constructive interference.

Loi gidi chi tiét
1.75 1 . . ..
(a) 050 — 3.5 = 3 + 3, i.e. a half-integer number of wavelengths = destructive interference.

(b) Smallest non-zero constructive path difference is one full wavelength: [ 0.50 m|.

Bai tap luyén tap

In a Young’s double-slit setup, the slit separation is 0.25 mm, the screen is 1.50 m away, and
the measured fringe spacing is 3.6 mm. Find the wavelength of the light used.

Lai giai chi tiét
AD Ayd (3.6 x 1073)(0.25 x 1073) 9.0 x 107
A = _— )\ =] _— = = B — =]
0 d D 1.50 1.50
6.0 x 10°7 m = 600 nm |

Bai tap luyén tap

In Young's double-slit experiment, if the slit separation d is decreased while D and ) stay fixed,
the fringe spacing:

(A) decreases (C) stays the same

(B) increases (D) becomes zero

Lai giai chi tiét

Ay = AD/d is inversely proportional to d, so decreasing d increases Ay — physically, bringing
the slits closer together makes the two paths to a given screen point diverge in angle more
quickly, so the same path-difference conditions are met at a wider spacing on the screen. (B).
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Bai tap luyén tap

Light of wavelength 633 nm is incident on a single slit of width 0.015 mm. Find the angular
position of the first diffraction minimum.

Loi giai chi tiét

A 633x107°
inf=—=——=20.0422 =12.42°|
sind .= 15 %105 0.0422 = 6 = [2.42°]

-

Bai tap luyén tap

A diffraction grating has 300 lines per millimetre. Light of wavelength 589 nm is incident nor-
mally. (a) Find the grating spacing d. (b) Find the angle of the second-order maximum. (c) Find
the highest order that can be observed.

Loi giai chi tiet

(a) d = 1/(300 mm~1) = 3.33 x 103 mm = |3.33 x 10 m|

. 20 2(589 x 1079)
b)sing, = = =""" 7 —0.354 = 60, =|20.7°|
b)sind, = o = S 33x100 ~ 0P 0

(©) Npax < d/A=3.33 x1079/589 x 107° =5.66 = |n =5|.
max

Bai tap luyén tap

Reducing the width of a single slit (with X\ fixed) causes the central diffraction maximum to:

(A) narrow (C) stay the same width
(B) widen (D) disappear

Loi gidi chi tiét
Since sinf = \/a, a smaller a gives a larger 0 to the first minimum, so the central maximum
widens. This is the opposite of intuition based on ray optics: a narrower gap produces a more

spread-out pattern, not a narrower one, because diffraction becomes more pronounced as the
aperture shrinks toward the size of the wavelength. (B).

Bai tap luyén tap

Adjacent nodes on a standing wave are separated by:

(A) A/4 (C) A
(B) A/2 (D) 2\

Loi giai chi tiét

Nodes occur every half wavelength along a standing wave pattern. (B).
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Bai tap luyén tap

A string of length 1.20 m, fixed at both ends, carries transverse waves at speed 60 m s—*. Find
(a) the fundamental frequency; (b) the frequency of the third harmonic; (c) the wavelength of
the second harmonic.

Loi giai chi tiét
@) fy = 57 = 5907 =
V7oL 2(1.20) '

(b) f3:3f1:.
@4 =5 =L =[L20m]

Bai tap luyén tap

An open-open pipe and a closed (one end closed) pipe have the same length. Compared to
the open-open pipe’s fundamental frequency, the closed pipe’s fundamental frequency is:

(A) the same (C) twice
(B) half (D) four times

Loi giai chi tiet

Open-open: f; = v/(2L). Closed: f, = v/(4L), exactly half the open-open value for the same
L — a direct consequence of the closed pipe needing only a quarter wavelength (rather than
a half wavelength) to fit between its node and antinode. (B).

Bai tap luyén tap

A pipe closed at one end has length 0.75 m; the speed of sound in the air column is 340 m s—!.
(a) Find the fundamental frequency. (b) Find the frequency of the first overtone. (c) Explain
why even harmonics are absent from this pipe.

Loi gidi chi tiét
v 340 340
= — = = —— =|113 Hz|
Q=17 = 2075 ~ 3.00
(b) First overtone is the third harmonic: f, = 3/, =|340 Hz|.

(c) The closed end must always be a displacement node and the open end must always be a
displacement antinode. Meeting both conditions simultaneously requires an odd number of
guarter-wavelengths to fit the pipe length, so only odd-numbered harmonics (n = 1, 3,5, ...)
satisfy the boundary conditions; even harmonics cannot place a node at one end and an antin-
ode at the other.

-

Bai tap luyén tap

A tuning fork of frequency 440 Hz is held above a vertical tube (open at the top, with the water
level — and hence the effective closed bottom end — adjustable), speed of sound 340 m s~ 1.
Find (a) the shortest air-column length that produces resonance, and (b) the next-shortest

length that also resonates.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 128



BENO"ES? Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

Loi giai chi tiét

Resonance in a closed (one-end) air column occurs when L = A\/4, 3\/4, 5A/4,... X\ = 2 =

340
a0 - 0.7727 m.

772
(a) Shortest: L = A0 7Z T_ ‘ 0.193 m (19.3 cm) ‘

(b) Next: L = % =3(0.1932) =|0.580 m (58.0 cm) |

Bai tap luyén tap

As an ambulance with siren sounding approaches you, then passes and recedes, the pitch you
hear:

(A) increases continuously throughout closest approach
(C) stays constant

(B) is higher while approaching and lower
while receding, with an abrupt drop at (D) is lower while approaching

Loi gidi chi tiét
While approaching, the source motion raises the observed frequency above f; the instant
it passes, the relative motion switches to receding and the frequency drops to below f —
heard as a sudden downward jump in pitch at the moment of closest approach, not a smooth,
continuous change throughout. (B).

Bai tap luyén tap

A train’s horn emits 300 Hz. The train approaches a stationary observer at 25 m s~!, then
recedes at the same speed after passing. Take the speed of sound as 340 ms~!. Find the
frequency heard (a) while approaching, (b) while receding.

Loi giai chi tit
. fo 300(340) 102000
@7 = v—v, 340—25 315 2 ln )

fv 300(340) 102000
b) f/ = = = =[279 Hz|
(b) f v+uv, 340425 365

Bai tap luyén tap

A stationary source emits a frequency of 1000 Hz; speed of sound = 340 m s—*. (a) An observer
moves away from the source at 15 m s~!: find the frequency detected. (b) If instead the source
moves toward the (now also moving) observer at 10 m s—!, while the observer moves toward
the source at 15 m s, find the frequency detected.

Loi giai chi tiet

— 1000(340 — 1 1000(32
) f — f(vv Vo) _ 000(?;4% 5) _ oogig 5 _lose il
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fu+v,) 1000(340 +15)  1000(355)
b) f/ = o = = =[1076 Hz|.
(b) f v—u, 340 — 10 330

Bai tap luyén tap

A radar gun emits a signal toward an approaching car and analyses the reflected signal to
determine speed. This technology relies fundamentally on:

(A) diffraction (C) total internal reflection
(B) the Doppler effect (D) polarization

Loi giai chi tiet

The frequency shift between the emitted and reflected signal (caused by the car’s motion) is a
Doppler shift, from which the car’s speed is calculated. (B).

Bai tap luyén tap

A hydrogen emission line normally at A = 486.1 nm in the laboratory is observed at 492.0 nm
in a distant galaxy’s spectrum. (a) State whether the galaxy is approaching or receding. (b)
Estimate the galaxy’s speed relative to Earth.

Loi giai chi tiét
(a) Observed wavelength (492.0 nm) is longer than the lab value (486.1 nm) — a redshift, so the
galaxy is receding.

(b) AN = 492.0 — 486.1 = 5.9 nm.

5.9
486.1

AN
vAre S5 = (3.00 x 10°) x =[3.64 x 105 ms1]

Bai tap luyén tap

Medical Doppler ultrasound is used to measure blood-flow speed non-invasively. Explain, in
terms of the physics of the Doppler effect, how this measurement works.

Loi gidi chi tiét

A transducer emits high-frequency ultrasound into the body. Moving red blood cells act as
(effectively) moving reflectors: as the cells move toward or away from the transducer, the
reflected ultrasound is Doppler-shifted up or down in frequency relative to the emitted fre-
quency. By measuring the size (and sign) of this frequency shift and using the Doppler relation

to solve for the relevant speed, the flow speed and direction of the blood can be determined
without any surgical intervention.

Bai tap luyén tap

A galaxy recedes from Earth at v = 6.0 x 10 m s~!. A spectral line is emitted at a laboratory
wavelength of 434.0 nm. Find the observed wavelength.
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Loi giai chi tiét

AX v 6.0x 106
Sl e = 2 T —0.0200.
N YT 300x 108 - 00

AX = 0.0200 x 434.0 = 8.68 nm.

Receding = redshift (longer wavelength): A, = 434.0 + 8.68 = |442.7 nm |.

Bai tap luyén tap

In an experiment, a student measures the acceleration of an oscillating mass at several known
displacements and plots acceleration a (vertical axis) against displacement x (horizontal axis),
obtaining a straight line through the origin with gradient —36 s—2. (a) Find the angular fre-
guency w and the period T. (b) If the oscillating mass is 0.50 kg on a spring, find the spring
constant k.

Loi giai chi tiét

(a) Since a = —w?z, the gradient of an a-= graph is —w?, s0w? = 3652 = w=6.0rads .
2 2
T:1:£: 1.05s).
w 5
(b) k = mw? =0.50 x 36 =|18Nm " |

Bai tap luyén tap

A student performs a simple pendulum experiment, measuring the period for several different
lengths and plotting T2 (vertical axis, in s?) against L (horizontal axis, in m). The resulting
straight line through the origin has gradient 4.02 s> m~!. Use this gradient to determine the
local gravitational field strength g.

Lai giai chi tiét

. 472 .
Since T2 = —_ [, the gradient of the T2-L graph equals 472 /g.
g

472 472 39.48
P— < p— p— p— . 2 _2
97 gradient  4.02  4.02 [9:82m 2]

consistent (within experimental uncertainty) with the accepted value g = 9.81 m s2.

Bai tap luyén tap

A pipe open at both ends has length 0.60 m; the speed of sound in the air inside is 340 m s~ 1.
Find (a) the fundamental frequency, and (b) the frequency of the second harmonic.

Loi giai chi tiét

v 340 340
= —= = —=|283 Hz|
@) fi 2L 2(0.60)  1.20
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(b) f, = 2f, = 2(283) =[567 Hz|

Bai tap luyén tap

Which region of the electromagnetic spectrum is primarily responsible for the images captured
by a thermal (heat-sensing) imaging camera?

(A) ultraviolet (C) X-ray

(B) infrared (D) microwave

Loi giai chi tiet

-

Warm objects emit strongly in the infrared, which thermal cameras are designed to detect. (B).

Bai tap luyén tap

White light entering a glass prism separates into a spectrum of colours because:
(A) different colours travel at different (C) glass absorbs all colours except one at a
speeds in vacuum time

(B) the refractive index of glass depends very (D) diffraction spreads the colours apart as
slightly on wavelength they enter the glass

Loi giai chi tiét

All colours of light travel at the same speed c¢ in vacuum; inside glass, however, the refractive
index n is very slightly wavelength-dependent (dispersion), so each colour refracts by a slightly
different amount. (B).

Bai tap luyén tap

Compared with the same oscillating system under light damping, the same system under heavy
damping has a resonance curve (amplitude against driving frequency) that is:

(A) taller and narrower (C) shorter and narrower

(B) taller and broader (D) shorter and broader

Loi giai chi tiét

Increasing damping reduces the peak amplitude at resonance and spreads the response over
a wider range of driving frequencies, producing a shorter, broader curve. (D).

Bai tap luyén tap

Explain, in terms of wavefronts, why an aircraft travelling faster than the speed of sound pro-
duces a sonic boom.

Loi giai chi tiet

Each wavefront the aircraft emits spreads outward at the speed of sound v. If the aircraft itself
moves slower than v, it never catches up with wavefronts it has already emitted, and they
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simply bunch closer together ahead of it (an ordinary Doppler compression). If the aircraft
moves faster than v, however, it continually outruns its own previously emitted wavefronts;
these wavefronts cannot spread out ahead of the aircraft at all and instead pile up together
along a cone-shaped shock front trailing the aircraft. When this concentrated shock front
passes an observer on the ground, the sudden, large pressure change is heard as a sonic boom.

Bai tap luyén tap

An oscillator undergoing SHM has a displacement-time graph that is a cosine curve of ampli-
tude 5.0 cm and period 2.0 s. Find (a) the maximum speed, and (b) the maximum acceleration
of the oscillator.

Loi giai chi tiet

o 2 _ _
= ;:%:wrads "= 3.1416rads . z, = 5.0 cm = 0.050 m.

(@) Uax = wTy = 3.1416 x 0.050 = [0.157 m s ! |
(b) apa = WPy = (3.1416)% x 0.050 = 9.870 x 0.050 =|0.493 m s~2].

Bai tap luyén tap

W

On graphs of K FE and PE plotted against time for an undamped SHM oscillator, which state-
ment is correct?

(A) The two curves are identical at all times  (C) Each curve completes two full cycles for
every one cycle of x(t)

(B) Each curve has the same period as the (D) KE and PE never sum to a constant
displacement-time graph z(t) value

Loi giai chi tiét

Since KE sinz(wt) and PE o cos?(wt), each curve oscillates at twice the frequency of x(t)
(i.e. half the period), completing two full cycles for every one cycle of the displacement. KE
and PFE are out of phase with each other (not identical) but always sum to the constant total
energy E. (C).

Bai tap luyén tap

Compared with a two-slit (Young's) interference pattern produced with the same slit spacing
d and wavelength ), a diffraction grating pattern with many more slits at the same spacing d
produces bright fringes that are:

(A) wider and dimmer (C) the same width and brightness

(B) narrower and brighter (D) located at completely different angles

Lai giai chi tiét

The maxima occur at the same angles in both cases (since dsind = n\ depends only on d
and )\, not on the number of slits), but with many more slits contributing coherently, the grat-
ing maxima are far narrower (sharper angular selectivity) and far brighter (more total energy
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channelled into each maximum) than the broad, low-contrast fringes from just two slits. (B).

Bai tap luyén tap

Light travelling in air (n = 1.00) strikes a transparent block at an angle of incidence of 40.0°;
the angle of refraction inside the block is measured as 25.0°. Find (a) the refractive index of
the block, and (b) the speed of light inside the block.

Lai giai chi tiét

(@) ny sinf; = nysinf, = 1.00sin40.0° = ny, sin 25.0°

ne — sin 40.0° _ 0.6428 _ '

27 sin25.0°0  0.4226

c c 3.00 x 108
Bng=c=v=—=2"""""_[197x10°ms!]
bln, =3 =v=0 1.52 a ‘
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IB DIPLOMA PROGRAMME . Unit 4

Theme D: Fields

Muc tiéu Unit: Trudng hap dan — cudng do trudng, thé ning hap dan, thé hap dan, tdc do thoat li, nang
lwong quy dao (AHL); trudng dién — dinh luat Coulomb, cudng dé dién trudng, thé dién, tu dién; trudng
tor — luc tir 1én day dan va hat mang dién chuyén dong; cdm (rng dién tur, dinh luat Faraday-Lenz, may
bién ap (AHL). Sau chuong nay, hoc sinh c6 thé thiét 1ap va sir dung thanh thao moi cong thirc truong
hap dan, dién va tir, vé ding cac dudng sirc, va giai cac bai toan dinh lugng nhiéu buéc két hop nhiéu
loai truong.

4.1 D.1 Gravitational Fields

The concept of a field is one of the most powerful ideas in physics: rather than asking how one object
can exert a force on another across empty space, field theory says that a mass, charge, or current
modifies the surrounding space itself, and any second object placed in that modified space simply
responds to the local conditions at its own location. Gravitational fields are the first, and conceptually
simplest, example of this idea — every other field studied in this chapter (electric, magnetic) is built
on exactly the same logic: a source produces a field; a second object placed in that field experiences
a force, energy, and can be described using a potential.

4.1.1 The Gravitational Field Concept and Field Strength

A gravitational field is a region of space in which any object with mass experiences a gravitational
force. Rather than thinking of gravity as a mysterious action at a distance, field theory describes the
source mass as modifying the space around it, so that any other mass placed anywhere in that space
feels a force. The strength of this effect at any point is described by the gravitational field strength,
g, defined as the gravitational force experienced per unit mass placed at that point:

g=—.

m
Field strength is a vector quantity: it has both a magnitude (in N kg1, equivalent to ms2) and a
direction — always pointing towards the source mass, since gravity is always attractive. A small "test
mass” m is imagined at the point of interest purely to probe the field; the field itself exists whether
or not a test mass is actually there, and its strength does not depend on the size of the test mass
used to measure it.

For a point mass M, or for any point outside a spherically symmetric distribution of mass M (a
direct consequence of the shell theorem — a uniform sphere attracts external objects exactly as if
all its mass were concentrated at its centre), Newton's law of gravitation gives the magnitude of the
force on a test mass m at distance r from the centre as

_ GMm

r2

F

)

where G = 6.67 x 10~'* Nm? kg2 is the universal gravitational constant. Combining this with the

defining relation F' = mg:
GMm GM
= —

mg 9=

r2 r2
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Notice that the test mass m cancels — ¢ depends only on the source mass M and the distance r,
exactly as a field quantity should. This is the same relation used throughout earlier mechanics work
to write weight as W = mg, now generalised to any distance r from any spherical mass, not just at
one planet’s surface.

Gravitational field strength (force per unit mass), a vector, always directed towards the source
mass:

GM . ) . .
, g = —5— (point mass, or outside a spherically symmetric mass M).
,

Units: Nkg=l = ms2.

. GIAI THICH TIENG VIET

Trudng hap dan 1a mot viing khéng gian ma tai dé mét vat cé khéi lwgng sé chiu luc hap dan.
Cudng do trudng g dugc dinh nghia 13 lyc trén mét don vi khéi lvong (g = F/m) — day la mét
dai luong vector, ludn huéng vao vat ngudn (vi lwc hap dan luén 13 luc hat). Véi khéi luong
di€ém hodc bén ngoai mét khoi cau phan bé déu, g = GM /r?: cha y khoi lwgng thir m da triét
tiéu — g chi phu thudc vao khéi lugng nguén M va khoang cach r, khéng phu thudc vat dat
vao dé "do” trudng. Coéng thirc quen thudc g = 9.81 m/s? & bé mat Trai DAt chi 13 trudng hop
riéng cia g = GM /r? khir = Ry pat-

Vi du mAu - Field strength at altitude

Earth has mass M = 5.97 x 10%* kg and mean radius R = 6.37 x 10° m. Find the gravitational
field strength (a) at Earth’s surface, and (b) at the summit of Mount Everest, altitude h = 8848
m above sea level.

(a) At the surface, r = R = 6.37 x 10° m:

GM  (6.67 x 10711)(5.97 x 10%4) 5
97 R (6.37 x 106)2 981 m/s

(b) At the summit, » = R+ h = 6.37 x 10% + 8848 = 6.379 x 10% m:

GM  (6.67 x 10-11)(5.97 x 1024) ,
9= = (6.379 x 100)2 = 9.79m/s%

Even at the top of the highest mountain on Earth, ¢ has fallen by only about 0.2 % — this is
why ¢ can be treated as constant over everyday heights, but the small decrease is real and
measurable, and becomes significant for satellites at altitudes of hundreds of kilometres.

4.1.2 Field Lines: Point Mass vs. Near a Planet’s Surface

Gravitational fields are visualised using field lines: directed lines drawn so that (i) at every point, the
tangent to the line gives the direction of g at that point, and (ii) the density of lines (how closely
spaced they are) represents the field’s magnitude — closely packed lines mean a strong field, widely
spaced lines mean a weak one. For an isolated point mass (or any spherical mass, viewed from
outside), the field lines are straight, radial lines pointing directly inward towards the centre, spaced
increasingly far apart as r increases — consistent with g o« 1/7? falling off with distance.

This convention — tangent gives direction, spacing gives magnitude — is used consistently for
every field studied in this chapter (gravitational, electric, and magnetic). One general consequence
follows immediately from the definition: field lines can never cross one another. At any point in
space, a field has exactly one direction (the vector sum of all sources acting there); if two field lines
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crossed, the field would have two different directions at that single point, which is not physically
possible.

lines converge
radially inward

N

it

Field lines around an isolated point mass M: radial, pointing inward, spreading apart with distance (field weakens as
1/72).

Very close to the surface of a large body such as a planet, however, an observer only sees a tiny
patch of the overall radial pattern. Over the small range of heights relevant to everyday objects (a
building, an aircraft, even a mountain), the field lines are so close to parallel, and so evenly spaced,
that the field looks uniform: parallel lines pointing straight down, with (to a very good approximation)
constant magnitude g ~ 9.81 m/s?.

planet’s surface (small local region)

Near a planet’s surface, over a small region, the same radial field looks locally uniform: parallel, equally-spaced field lines,
magnitude g ~ constant.

(') L6i thuweng gap: Hoc sinh hay nghi "gan bé mat hanh tinh, g khéng d6i” 1a mét dinh luat
riéng biét, tach r&i khoi g = GM /r?. Thyc ra day chi Ia mét gan dung cuc bd: trudng van 13
trudng xuyén tam g = GM /r?, nhung vi h < R (d6 cao khao sat rat nho so véi ban kinh hanh
tinh) nén r ~ R hau nhu khoéng déi, va cac dudng sirc tod ra tir tdm tréng gan nhu song song
trén mot vung nho. Néu dé cao h so sanh dugc vai R (vi du vé tinh & quy dao), phai dung cong
thirc day dt g = GM /r?, khéng dugc dung g = 9.81 m/s?.

GIAI THICH TIENG VIET
Pudng strc trudng hap dan: hudng ti€p tuyén cho biét chiéu cua g, mat dé dudng cho biét
dd Ién cua g. VGi mot khoi cau co 1ap, duong sire toa ra theo hinh xuyén tdm, huéng vao tam,
thua dan khi ra xa (tuong (ng g o< 1/72). Trén pham vi nho gan bé mat mot hanh tinh 1&n, doan
cung xuyén tam dé tréng gan nhu thing va song song — day 1a ly do vi sao trong doi séng hang
ngay ta luén coi trong luc 1 "thang ding, huéng xudng, do I6n khéng d6i”.

4.1.3 Combining Gravitational Fields from Multiple Masses

Real problems rarely involve just one isolated source mass. When several masses M, M,, ... each
produce their own gravitational field at a point P, the principle of superposition states that the total
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field at P is simply the vector sum of the individual fields each mass would produce on its own:
gnet = gl +§2 + o

with each g, = GM, /r? directed from P towards M,. Because field strength is a vector, contributions
that point in the same direction add directly, while contributions pointing in opposite directions
partially or fully cancel; contributions at an angle to each other must be resolved into components
(exactly as with any vector addition in mechanics) and combined component-by-component. This
is the field-theory analogue of superposing forces, and it applies equally to any number of source
masses.

Superposition of gravitational fields: the net field at a point due to several masses is the vector
sum of the fields each mass would produce individually:

2
5

GM; , ..
Gnet =Y G5 ;= —5— (directed towards 1M,).

GIAI THICH TIENG VIET
Nguyén ly chéng chat (superposition): trudng hap dan téng hop tai mot diém do nhiéu khéi
lugng gay ra bang tdng vector cla tirng trudng thanh phan, .., = 3. ;, moi g; hudng vé phia
khéi lugng M, tuong trng. Néu cac diém ngudn va diém khao sat nam trén ciing mot dudng
thang, cé thé cong/trir dai s6 theo chiéu da quy udc; néu khdng thing hang, phai phan tich
theo cac thanh phan vuéng gbc réi cong riéng tirng thanh phan — hoan toan giéng cach cong
luc trong co hoc.

Vi du mau - Superposition of gravitational fields

Two point masses, M; = 4.0 x 10° kg and M, = 6.0 x 10° kg, lie on a line, 10.0 m apart. Point
P lies on the line between them, 4.0 m from M, and 6.0 m from M,. Find the magnitude and
direction of the net gravitational field at P.

The field due to M, at P points towards M ; the field due to M, at P points towards M, —
these are opposite directions, since P lies between the two masses.

GM, (6.67 x 10711)(4.0 x 10°)

— — =1.67 x 107 2 (t ds M,).
9 2 i) X m/s* (towards M)
GM. 6.67 x 10711)(6.0 x 10°
9y = —— 2 _ ( x G 0))(2 X ) = 1.11 x 1079 m/s? (towards M,).
7’2 .

Since the two contributions point in opposite directions, they subtract:

Gnet = 91 — go = 1.67 x 1076 — 1.11 x 107% = |5.6 x 10~7 m/s?, directed towards M,

(the larger of the two contributions "wins”, since g, > g, here).

4.1.4 Gravitational Potential Energy

Additional Higher Level (AHL) content.

Because the gravitational force is attractive, moving two masses apart always requires work to be
done against the force, while letting them fall together releases energy. To build a consistent energy
bookkeeping system that works at any separation (not just near one planet’s surface), physicists
define gravitational potential energy relative to a reference point at » = oo, where the masses no
longer interact at all, and set £, = 0 there.
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Consider a mass m a distance r from mass M. Taking the outward radial direction as positive, the
GMm

7"2
inward, towards M). Potential energy is defined so that the work done by the field as m moves from

infinity to  equals —(E, (1) — E,(c0)); equivalently,

" , " GMm\ ,, "dr’ 11"
Ep(r):—/ooFrdr :—/Oo <— 2 >d7‘ :GMm/ 2 =GMm [—,Lo.

5o r

gravitational force on m has component F,. = — (negative because the force always points

Evaluating the limits (1/7" — 0 as " — o0):

E,(r) = GMm <_1 _0> _ ~ GMm

p r r

Gravitational potential energy of a mass m a distance r from mass M (taking £, = 0 atr = oo):

E, = 7GMm.
r

E, is always negative for any finite » — a signature of a bound system: energy must be added
(work done) to separate the masses to infinity, where E, — 0 from below. E, becomes less
negative (increases) as r increases, and more negative (decreases) as r decreases.

This general result must connect smoothly to the familiar near-surface formula £, = mgh. Near
a planet’s surface, write r = R + h with h <« R:

By — ) = ~GH (LGHmY (LG

" R+h R
Since h < R, the denominator R(R + h) ~ R?, giving

GMm
E,(R+h)—-E,(R) ~ 72

h=gmh,

using g = GM /R? from the previous subsection. This confirms that E, = mgh is not a separate law
but the local, linear approximation to £, = —G'Mm/r, valid only for height changes small compared
to the planet’s radius, and only for differences in E, (it uses an arbitrary local zero at the surface,
whereas —G'Mm/r uses a universal zero at infinity).

GIAI THICH TIENG VIET
Thé nang hap dan téng quat 1a E, = —GMm/r, luén am, véi gbc thé nang bang O dat tai
r = oo (hai vat & rat xa nhau, khéng con tuong tac). Cong thirc quen thudc E, = mgh chi la
xap xi tuyén tinh cuc bé clia cong thirc téng quat, dang khi do cao h rat nhd so vaéi ban kinh
hanh tinh R — va nd tinh hiéu thé ning so v&i mét moc tu chon & bé mét, chir khong phai gia
tri tuyét déi so véi vo cuc. Loi thudng gap: dung E, = mgh cho vé tinh & quy dao cao — sai,
vi khi d6 h so sanh dugc véi R, phai dung £, = —GMm/r.

(!) L6i thuwong gap: Birng nham dau: E, = —GMm/r mang ddu am, va né tang (b6t am di) khi
r tang, chir khong phai gidm. Vat roi vao gan khéi ngudn hon (- gidm) thi E, giam (3m hon) va
dong nang tang — duang vai truc giac vat ly (vat "roi” gidi phdng nang luong). Hoc sinh thuong
quén dau trir khi thay s6, dan dén két qua duong vé ly cho mét hé lién két (bound system).
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4.1.5 Gravitational Potential and Equipotential Surfaces

Additional Higher Level (AHL) content.
Just as field strength g is force per unit mass, gravitational potential V' is potential energy per
unit mass:
y_E _ GM
m T

Unlike ¢, potential is a scalar — it has a magnitude (always negative, in Jkg~!) but no direction,
which makes it far easier to combine contributions from several masses (simply add the potentials
algebraically, whereas field strengths must be added as vectors). Potential is defined at every point
in space around M, independent of whether any particular test mass happens to be there.

If a mass m moves between two points where the potential is V; and V,,, the change in its potential
energy is AE, = m(V, — V) = m AV, and this equals the work that must be done against the
gravitational field to make that move (by an external agent, at constant speed):

W =mAV.

If AV > 0 (moving to a point of higher potential, i.e. further from M), positive external work is
required. If AV < 0 (moving closer to M), the field itself does positive work, and W < 0 for the
external agent — equivalently, the object could accelerate under gravity alone, converting potential
energy into kinetic energy.

A surface on which every point has the same potential is called an equipotential surface. For
a spherical mass M, the equipotential surfaces are simply concentric spheres centred on M (since
V = —GM /r depends only on r). A key property follows directly from W = mAV: because AV =0
for any two points on the same equipotential surface, no net work is done moving a mass along
an equipotential surface. Physically, this is because the gravitational force (and hence g) is always
perpendicular to an equipotential surface — motion along the surface has no component in the
direction of the force.

Gravitational potential (potential energy per unit mass), a scalar:

E, GM .
V=—=-— , W =m AV (work to move mass m between two points).
m T

Equipotential surfaces around a point/spherical mass are concentric spheres; field lines are
always perpendicular to them; no work is done moving along one.

GIAI THICH TIENG VIET
Thé hap dan V = E,/m = —GM /rla mét dai lugng v6 huéng (scalar) — khac véi cudng do
trudng g 1a vector. Cong dé di chuyén khéi lugng m gilra hai diém chi don gidan 13 W = mAV.
Mit ding thé (equipotential surface) 1a tap hop cac diém cé cung gia tri V — v&i khéi cau M,
dé 13 cac mat cau dong tam. Khéng tén cong di chuyén doc theo mét mit dang thé, vi luc hap
dan (va g) luén vudng gbc véi mat doé tai moi diém — di chuyén "ngang” khéng c6 thanh phan
nao cung phuong vai luc.

Because it is a scalar, gravitational potential from several masses also combines by simple alge-
braic addition, Vo = >, V; = >_.(—GM,/r;), with no need to resolve directions into components —
exactly the same simplification demonstrated for electric potential in Section D.2.3, and a useful al-
ternative to vector superposition of g whenever only an energy-related quantity (potential, potential
energy, or work) is actually required.

4.1.6 Escape Velocity
Additional Higher Level (AHL) content.
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Escape velocity is the minimum launch speed an object needs, fired from a planet’s surface with
no further propulsion, to escape the planet’s gravitational pull completely — that is, to reach r = 0o
with (at minimum) zero kinetic energy remaining. This is an energy-conservation problem: the total
mechanical energy at launch must be at least zero (the value of E,, at r = co with v = 0).
At the surface (r = R), with launch speed v,:
Eiota = KE+ E, = %mvgsc — G]WTm

Setting this equal to zero (the minimum condition — just barely escaping, arriving at infinity with zero
speed left):

r GMm r GMm
§mvesc — T =0 — §mvesc = T

The mass m of the escaping object cancels (as it must for a field quantity), giving

,  2GM 2GM
= —— D, = I

= — =
esc R esc R

(Y

Escape velocity from the surface of a spherical mass M, radius R:

2GM
Vesc — T

Independent of the mass of the escaping object; depends only on the properties of the body
being escaped from. Note v... = v/2x the speed of a (hypothetical) circular orbit skimming the

surface, vy, = /GM/R.
Vi du mAu - Escape velocity of Earth

Find the escape velocity from Earth’s surface. (M = 5.97 x 10** kg, R = 6.37 x 10 m.)

2GM 2(6.67 x 10 1)(5.97 x 10%) _ pem s .
Veee = \/R = \/ 5 106 = V1.250 x 108 = 1.12 x 10* m/s.

S0 v & 11.2 km/s — roughly 33 times the speed of sound in air. This is the speed a projectile
would need at launch (ignoring air resistance) to leave Earth’s gravity entirely and never fall
back, without any further engine burn.

(!) L6i thuong gap: Loi thudng gap: quén hé s6 2 trong coéng thirc, viét nham v, = \/GM /R
(day thuc ra 13 cong thirc toc do quy dao tron sat bé mat, khéng phai téc do thoat li). Cach nhé
chac chan: lubn xust phat tir bao toan nang luong 2mev? = GMm/R, khéng hoc thudc long
cong thirc cudi mét cdch may maoc.

. GIAI THICH TIENG VIET

\
Toc d6 thoat li ve. = /2GM /R la toc do toi thi€u dé mot vat phong di tir bé mat (khong
can dong co thém) thoat khoi luc hap dan cta hanh tinh mai mai. Xuat phat tir bao toan ning
lwong: téng déng nang ban dau vira dd bu cho thé ndng Am ban dau, d€ ning luong toan phan
bang 0 — vat "vira di” dén v6 cuc véi van téc bang 0. Khéi lugng m cha vat thoat i tu triét
tiéu trong phép tinh, giéng hét cach m triét tiéu khi tinh ¢ — céng thirc chi phu thuéc hanh
tinh xuat phat (M, R), khéng phu thudc vat dugc phdng.
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Field strength and escape velocity both depend only on the mass and radius of the body in ques-
tion, so they vary considerably across the solar system. The table below applies g = GM/R? and
Vese = /2GM /R consistently to several bodies, illustrating how both quantities scale with M and
R.

Body Mass (kg)  Surface g (m/s?) vgs (km/s)
Mercury 3.30 x 10?3 3.70 4.25
Venus 4.87 x 104 8.88 10.4
Earth 5.97 x 10%* 9.81 11.2
Mars 6.42 x 1023 3.73 5.03
Jupiter 1.90 x 10?7 25.9 60.2
The Moon  7.35 x 10?2 1.62 2.37

Two patterns are worth noting. First, ¢ does not simply track mass: Mars is roughly twice Mer-
cury’s mass yet has almost identical surface gravity, because Mars is also a larger, less dense body
(larger R partially cancels the larger M in g = GM /R?). Second, v, grows much faster than g for
very massive bodies like Jupiter, since it depends on /M /R rather than M /R? — this is why gas
giants can retain even the lightest gases (hydrogen, helium) in their atmospheres, while small, low-¢
bodies like the Moon cannot retain any atmosphere at all over geological time.

It is worth noting that v, = \/2GM /R is independent of launch direction as well as of the
escaping object’s mass: the derivation used only conservation of energy (total KE and E, at launch
versus at infinity), which does not depend on which direction the object initially travels — firing an
object straight up or at any angle requires exactly the same launch speed to escape (though not
the same launch speed to just barely graze the surface again if it falls short, which does depend on
direction). Purely classically, this same escape-velocity formula suggests an extreme limiting case: if
a body’s mass is compressed into a small enough radius R that v.,. would need to exceed the speed
of light ¢, then (in a fully relativistic treatment) not even light itself could escape — a black hole.
Setting v, = c in the (classical, non-relativistic) formula gives an estimate of the critical radius:

o fear . 26M
- R T2

For Earth’s mass, this radius works out to about 2(6'67x<§965i)l(g’é§’27X1024) ~ 8.9 x 1073 m — under 1 cm:
if Earth’s entire mass were compressed inside a sphere smaller than this, it would (by this classical
estimate) become a black hole. Remarkably, this simple classical calculation gives the same result as
the much more sophisticated general-relativistic treatment (the Schwarzschild radius), even though
the physical reasoning behind it (Newtonian escape velocity) is not strictly valid at such extreme

conditions.

4.1.7 Orbital Energetics (AHL)

This content is assessed at Additional Higher Level (AHL) only.

A satellite of mass m moving in a circular orbit of radius r around a mass M is held in its orbit
purely by gravity: the gravitational force supplies exactly the centripetal force required for circular
motion. Equating the two:

GMm  mv? s GM
= — — V= —.
T T

The orbital kinetic energy is therefore

KE = 1mv2 = 1'm <GM> = GMm'
2 2r

2 T
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The potential energy at radius 7 is, as before, E, = —GMm/r. The total mechanical energy of the
orbiting satellite is the sum:
GMm GMm GMm

E=KE+E, = 2r r . 2r

For a satellite of mass m in a circular orbit of radius » around mass M:

GMm GMm GMm
KE = 271 3 Ep = r 3 Etotal = KE + Ep E s 27- .
Note the exact relations £, = —2KE and By, = —KE = 3E,, which hold for any circular

gravitational orbit.

These fixed ratios between KE, E,, and E, are a useful shortcut: if a problem gives (or asks
for) just one of the three energies for a circular orbit, the other two follow immediately without
needing to recompute r. They also give a compact way to describe what happens as a satellite’s
orbit decays (e.g. due to a trace of atmospheric drag at low altitude): as r slowly decreases, E,., =
—GMm/2r becomes more negative, so the satellite actually speeds up (KE increases) even as it loses
total mechanical energy — drag removes energy overall, but the accompanying drop to a smaller,
more tightly bound orbit converts more than enough potential energy into kinetic energy to increase
the orbital speed. This counterintuitive result is a classic conceptual IB exam question.

The total energy E = —G'M'm/2r is negative for every circular orbit, confirming these are bound
systems: the satellite cannot drift away to infinity without an external energy input. This connects
directly to escape velocity: a trajectory with exactly E, ., = 0 corresponds to a particle that reaches
r = oo With precisely zero speed left — an unbound, borderline (parabolic) trajectory, the same
condition used to derive v... A trajectory with E, ., > 0is also unbound but retains nonzero kinetic
energy at infinity — a hyperbolic trajectory, as followed by an interstellar probe passing through a
solar system without being captured. The three cases are summarised below.

Total energy Trajectory type Physical outcome

Eiota <0 elliptical / circular  bound orbit, cannot reach » = oo
Eiita =0 parabolic just escapes; v — 0asr — oo

Eioia >0 hyperbolic escapes with speed to spare at r = 0o

- GIAI THICH TIENG VIET
V6i quy dao tron quanh khéi M: dong nang KE = GMm/2r (duong), thé€ nang E, = —GMm/r
(dm gap d6i dong nang vé do Iém), va téng nang luong E = KE+ E, = —GMm,/2r — luén am,
thé hién day 1a hé lién két (bound). Muén dua vé tinh 1én quy dao cao hon (r tang), F tang dan
vé 0 (b6t am) — can cap thém nang luong. Khi E = 0: vat vira da thoat ra vé cuc véi van téc
bang O (quy dao parabol — bién gidi gitra "bi gilr lai” va "thoat Ii”); khi £ > 0: quy dao hyperbol,
vat thoat ra ngoai véi van toc du.

Vi du mAu - Orbital energy and raising an orbit

A satellite of mass m = 800 kg orbits Earth (M = 5.97x10%* kg) in a circular orbit at altitude 400
km,sor; = R+h = 6.37 x 105 44.00 x 105 = 6.77 x 10° m. (a) Find its kinetic energy, potential
energy, and total energy. (b) Find the minimum extra energy needed to send the satellite from
this orbit to infinity (i.e. to escape Earth entirely). (c) Find the extra energy needed to raise it
instead to a new circular orbit at r, = 2r; = 1.354 x 107 m.
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(a)
° GMm  (6.67 x 10711)(5.97 x 10%4)(800)

KE = = = 2.35 x 10%0 J.
2, 2(6.77 x 10°) 8
GM
E,=———"— _471x10°), B, =KE+E, = —235x 10 J.
Ty

(b) To escape, the satellite’s final total energy must reach (at minimum) E__ = 0. The energy
that must be supplied is

AEescape =F —FE =0—(—235x 1010> =2.35 x 1019 J.
(c) At the new radius r, = 1.354 x 107 m:

GMm
2rq

E, = = —1.18 x 1010 J.

AE = E, — E; = (—1.18 x 101%) — (=2.35 x 101%) = 1.18 x 10%° J.

Doubling the orbital radius requires about 1.18 x 10'° J — roughly half the energy needed to
escape entirely, consistent with E o« —1/r: moving from r; to 2r, closes half the "energy gap”
between the original orbit and full escape (r — o).

(1) L6i thueng gap: Dirng nham: nang lwong can cap thém dé chuyén quy dao luén 13 AE =
E.,, — Fiusc (ndng lugng cudi trir nang lugng dau), khong phai hiéu do 16n hay lay tri tuyét doi
tuy y. Vi E cang gan 0 khi » cang I&n, nang quy dao lén cao hon luén cadn AE > 0 (cap thém
nang luong duong), du E van co6 thé am & quy dao mai.

4.2 D.2 Electric Fields and Capacitance

Electric fields describe how electric charges interact, using precisely the same field-theory frame-
work as gravity in the previous section: a source charge modifies the surrounding space, and any
second charge placed there experiences a force. The mathematics is almost identical to the gravi-
tational case — inverse-square force laws, field strength as force per unit "test” quantity, potential
energy and potential defined via integrals of force — but with one crucial complication: charge (un-
like mass) comes in two signs, so electric forces and fields can be either attractive or repulsive, and
electric potential energy can be either positive or negative.

4.2.1 Coulomb’s Law

Electric charge is a fundamental property of matter that comes in two kinds, positive and negative.
Coulomb’s law describes the force between two point charges ¢, and ¢, separated by distance r:

F— kq,qo

5o k=899x10°Nm?C™

The constant k is related to the permittivity of free space, ¢, = 8.85 x 10712 C2N~Im=2, by k =
1/(4me,); both forms appear on formula sheets and are numerically consistent. The force acts along
the straight line joining the two charges: it is repulsive when ¢, and ¢, have the same sign, and
attractive when they have opposite signs — the sign of the product ¢,q, automatically tells you
which.

Coulomb’s law has exactly the same mathematical form as Newton’s law of gravitation — both
are inverse-square laws in the separation r — but the two forces differ in one essential way: gravity
is always attractive (mass has only one "sign”), whereas the electric force can be either attractive or
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repulsive depending on the signs of the charges involved. This structural analogy extends through
field strength, potential energy, and potential, summarised below.

Quantity Gravitational Electric
GM . k . .
Force law F= 2m (always attractive) F = q12q2 (attractive or repulsive)
T T
. F GM F k
Field strength g=— = —o E= — 73
m T q r
. GM . k .
Potential energy E, = mn (always negative) E, = Yt (sign of ¢,¢5)
T T
. GM . kq , .
Potential V = ——— (always negative) V= st (sign of q)
T T
Work moving through A(potential) W =m AV W =qAV

. GIAI THICH TIENG VIET

Dinh luat Coulomb F = kq,q,/7? ¢ cing dang todn hoc vdi dinh luat hdp dan Newton — déu
la dinh luat nghich ddo binh phuong khodng cach. Diém khac biét c6t 16i: luc hap dan luén
ludn hat (vi khai lvong chi cé6 mét "dau”), con luc dién cé thé hiat hoac day tuy theo dau cla
q, Va g, — cung dau thi day, trai dau thi hat. Ghi nhé bang tuong ty (analogy) gitra hai truong
giup nhé cong thirc nhanh hon: chi can thay G — k, M — q;, m — g, — nhung ludn phai tu
ki€m tra dau va chiéu luc riéng cho tirng bai toan dién.

Vi du miu - Coulomb's law

Two point charges, ¢; = +3.0 uC and ¢, = —5.0 uC, are separated by » = 0.20 m in air. Find
the magnitude and nature (attractive/repulsive) of the force between them.

_ kqig  (8.99 x 10°)(3.0 x 107%)(5.0 x 107%)  0.13485 24N
oz (0.20)2 004 T

Since ¢; and ¢, have opposite signs, the force is attractive: each charge pulls the other directly

along the line joining them, with magnitude | F' ~ 3.4 N |.

F

(1) L6i thueng gip: Dinh luat Coulomb chi cho dd 16n luc khi thay s6 truc tiép (dung tri tuyét
doi cla qq, g5); chiéu lyc (hat/day) phai suy luan riéng tir diu clta g, q,, khong ty dong ra tir
phép tinh. Mét 16i khac: quén déi don vi ;C (= 1076 C) hodc nC (= 10~? C) sang C trudc khi
thay vao coéng thirc — day 13 16i s6 hoc phé bién nhat trong cac bai Coulomb.

4.2.2 Electric Field Strength and Field Lines

The electric field strength E at a point is defined as the electric force experienced per unit positive

charge placed at that point:
F

E=—.

q
Like g, this is a vector field, with direction defined by the direction of the force on a small positive
test charge. For a point charge ¢, combining this definition with Coulomb’s law (exactly as was done
for g) gives

kq
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ENGLISH

If the source charge ¢ is positive, E points radially outward (a positive test charge would be pushed
away); if g is negative, E points radially inward (a positive test charge would be pulled in). The force
on any other charge ¢’ placed in the field is then simply F' = ¢’ E — repulsive push in the direction
of £ if ¢ > 0, and in the opposite direction to E if ¢ < 0.

Field-line diagrams for electric fields follow the same rules as for gravity: tangent gives direction,
spacing gives relative strength. Three canonical patterns are essential:

/-

-— @ —>
/ +q \
(a) single positive point charge (b) electric dipole (+g and —q)

+

(c) uniform field between charged parallel plates

Field (a) is radial, exactly like a gravitational point-mass field, but pointing outward for a positive
charge (gravity’s field lines always point inward, since there is no such thing as "negative mass” to
repel). Field (b), the dipole, shows lines leaving the positive charge and curving around to terminate
on the negative charge — field lines always start on positive charge and end on negative charge.
Field (c) shows the region between two oppositely charged parallel plates: away from the edges, the
lines are straight, parallel, and evenly spaced, indicating a uniform field of constant magnitude and
direction, from the positive plate to the negative plate.

Electric field strength (force per unit positive charge), a vector:

k .

E=—, E = —g (point charge).
q T

Field lines point away from positive charges, into negative charges; line spacing shows relative

field strength; between oppositely charged parallel plates (away from the edges) the field is

uniform.

GIAI THICH TIENG VIET

uong do dién truong E = F'/q la luc trén mot don vi dién tich duong thir — khac véi truong
hap dan, E cé thé hudng ra ngoai (dién tich duong) hodc huéng vao trong (dién tich am).
Duong strc dién luon xuat phat tir dién tich duwong va két thic & dién tich am. Vung gitra hai
ban tu tich dién trai dau (xa mép ban) c6 dién truong déu — cac dudng sirc song song, cach
déu nhau — day la mé hinh quan trong bac nhat trong cac bai tu dién va hat mang dién chuyén
dong gilra hai ban.
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ENGLISH

Coulomb’s law itself was established experimentally in the 1780s using a torsion balance — a
lightweight rod suspended by a fine fibre, with a charged sphere at one end deflected by the force
from a second fixed charged sphere, the fibre's twist providing a sensitive measure of a very small
force. Confirming the inverse-square dependence experimentally (rather than simply assuming it
by analogy with gravity) was essential, since even small deviations from an exact inverse-square
law would have significant consequences — for instance, the interior of a hollow charged conductor
would not be perfectly field-free (see below) if the exponent in Coulomb's law differed even slightly
from exactly 2.

One important consequence of these field ideas: inside a solid conductor in electrostatic equi-
librium, the electric field is always zero. Any excess charge placed on a conductor redistributes itself
entirely on the outer surface, arranging itself so that the field inside exactly cancels; if a nonzero field
existed inside, free charges (electrons) would continue to accelerate in response to it, contradicting
the assumption that the charges have settled into equilibrium. This is the basis of electrostatic
shielding: a hollow conducting enclosure (a Faraday cage) shields its interior from external electric
fields, since the induced surface charges on the conductor cancel the external field everywhere in-
side — the reason sensitive electronic equipment is often housed in metal enclosures, and why a
car (a largely metal shell) offers some protection from external electric fields such as those from
lightning.

Vi du miu - Field of a point charge

A point charge ¢ = +2.0 uC sits in isolation. (a) Find the electric field strength at a point 0.50
m away. (b) Find the force on a small charge ¢’ = +4.0 nC placed at that point.

(a)
kg (8.99 x 10°)(2.0 x 1079)
E=— = =7.2x10*N/C
2 (0.50)2 . /¢
directed radially outward from ¢ (since q is positive).

(b)

F=¢FE=(4.0x107?)(7.2 x 10*) =29 x 107* N,

directed away from ¢ (repulsive, since both charges are positive).

4.2.3 Combining Electric Fields from Multiple Charges

The same superposition principle used for gravitational fields applies to electric fields: the net elec-
tric field at a point due to several point charges is the vector sum of the fields each charge would
produce on its own,

Enet = By + By + .

The only extra subtlety compared with gravity is that each contribution E“i = kq;/r? points away
from its source charge if ¢, > 0, and towards it if g; < 0 — the direction of each term depends on the
sign of the corresponding charge, not just its position, so the sign must be tracked carefully before
adding vectors (unlike gravity, where every contribution always points towards its source).

Superposition of electric fields:

i 2
5

= = = kq; : .
E o = Z E,, E; = —* (away from ¢, if ¢; > 0; towards g; if ¢; < 0).

GIAI THICH TIENG VIET

N ~ S
Nguyén ly chéng chat dién trudng giong hét trudng hap dan vé mat toan hoc (cong vector),
nhung c6 mot diém khac biét quan trong: chiéu ctia mbi vector thanh phan phu thudc vao dau
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clia dién tich nguén — huéng ra xa néu nguén duong, huéng vao néu nguén am — chir khong
phai luén huéng vé ngudn nhu trudng hap dan. Hoc sinh can vé hinh rd rang, xac dinh ding
chiéu tirng vector thanh phan trudc khi cong, dac biét khi cac dién tich khong thang hang véi
diém khao sat.

Vi du mau - Superposition of electric fields

Two positive point charges, ¢; = +5.0 uC and ¢, = +8.0 uC, lie on a line, 0.50 m apart. Point
P lies on the same line, beyond ¢,, at a distance of 0.80 m from ¢; and 0.30 m from ¢,. Find the
net electric field at P.

Since P lies beyond both positive charges on the same side, both fields point in the same
direction at P (away from both charges, further along the line):

kg (899 x 10%)(5.0 x 107°)

E, = = =17.0 x 10* N/C.
1= 2 (0.80)2 . /

kg,  (8.99 x 10°)(8.0 x 1079) 5
272 (0.30)2 8.0 10°N/

Since both point the same way, they add directly:

Epet = By + By = (7.0 x 10%) + (8.0 x 10%) =|8.7 x 10° N/C|,

directed away from both charges, along the line. Notice the closer charge (¢,, only 0.30 m
away) dominates the total despite being the smaller charge — the inverse-square dependence
on distance matters more here than the size of the charge.

Because potential is a scalar, superposing potentials from multiple charges is significantly simpler
than superposing fields: there are no directions to resolve into components — every contribution is
simply added (or subtracted, if a source charge is negative) as a plain number.

Vi du mAu - Superposition of electric potential

Two point charges, ¢; = +4.0 uC and ¢, = —2.0 uC, are placed 0.60 m apart. Find the electric
potential at the midpoint between them.

The midpoint is r = 0.30 m from each charge. Since potential is a scalar, the contributions
simply add algebraically (with sign):

v kg, N kg,  (8.99 x 10%)(4.0 x 10°9) N (8.99 x 109)(—2.0 x 1079)
o7 o 0.30 0.30 ‘

V = (1.20 x 10°) + (—6.0 x 10%) =[6.0 x 10* V|.

No components or directions were needed anywhere in this calculation — a direct illustration
of why potential (energy-based, scalar) calculations are often preferred over field (force-based,
vector) calculations when only an energy-related quantity is ultimately required.

4.2.4 Electric Potential Energy and Electric Potential

Additional Higher Level (AHL) content.
By exactly the same reasoning used for gravity — integrating the Coulomb force from infinity to
separation r, with £/, = 0 at r = oo — the electric potential energy of a pair of point charges ¢, and
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g, separated by r is
k
E,= %

Unlike the gravitational case, this can be positive or negative: E, > 0 for like charges (energy must
be supplied to bring them together against their mutual repulsion — pushing them apart releases this
energy), and E, < 0 for unlike charges (energy is released bringing them together, since they attract;
separating them to infinity requires work).

Electric potential V' is potential energy per unit charge — a scalar field, exactly analogous to
gravitational potential:

V=—, V= kq (point charge ¢, potential at distance r).
q T
As with gravity, moving a charge ¢ between two points where the potential is V; and V,, changes its
potential energy by AE, = q(V, — V;) = ¢ AV, and this equals the work done against the field by
an external agent:
W =qAV.

Electric potential energy of two point charges, and electric potential of a point charge (a scalar):

g -tne B ke

W =qAV.
r q r

E, > 0 for like charges, E,, < 0 for unlike charges; V' takes the sign of the source charge q.

. GIAI THICH TIENG VIET

Thé nang dién cua hai dién tich diém E, = kq,q,/r c6 thé dwong (hai dién tich cung dau —
can tén céng day chung lai gan nhau) hodc am (trai dau — chang tu hat nhau lai, giai phéng
nang lugng). Thé dién V = kq/r mang dau cua dién tich nguén ¢: dwong néu nguén duong,
am néu ngudn am — khac han thé hap dan V = —G'M /r ludn ludn am. Céng thirc W = ¢AV
dung chung logic véi trudng hap dan: dién tich di chuyén tir noi thé cao dén noi thé thap thi
truong thue hién cong duong [én dién tich duong.

Vi du mAu - Electric potential energy of two charges

Two point charges, ¢; = +4.0 uC and ¢, = +6.0 uC, are held 0.30 m apart. Find the electric
potential energy of the system, and state what this value means physically.

k 8.99 x 109)(4.0 x 107%)(6.0 x 106
b B _ (899 x10°)(4.0 x107°)(6.0x10°) _
P r 0.30

The result is positive because both charges are positive (mutually repulsive): 0.72 J of external
work was required to assemble the two charges at this separation, starting from infinite sepa-
ration. If released, the two charges would fly apart, converting this 0.72 J of potential energy
into kinetic energy.

4.2.5 The Uniform Field Between Parallel Plates

Two parallel conducting plates, separated by distance d and connected across a potential difference
(voltage) V, produce a field between them that is uniform: constant in both magnitude and direction,
from the positive plate to the negative plate (as shown in the field-line figure above), except very
close to the edges of the plates.
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To find the magnitude of this field, consider moving a positive test charge ¢ directly from the
positive plate to the negative plate, a distance d, against the field. The work done is W = ¢V
(definition of potential difference). Because the field is uniform, this is also simply force x distance:
W = Fd = (qFE)d = qFd. Equating the two expressions for W:

v
qV=qFd = V=FkFd = E:E'

Uniform field between parallel plates, separation d, potential difference V:

v
EF=—.
d
Units: V/m = N/C (these are equivalent units for electric field strength). The field points from
the positive plate towards the negative plate.

- GIAI THICH TIENG VIET
Dién truong déu gilra hai ban tu song song: £ = V' /d, véi V la hiéu dién thé gitra hai ban, d |a
khoang cach gilra ching. Don vi V/m va N/C la twong duong — hiy nhé ca hai cach viét vi dé
thi IB dung ca hai. Céng thirc nay chi ap dung cho vung gitra hai ban, xa mép ban (noi truong
khong con déu nira).

Vi du mAu - Field and force between charged plates

Two parallel plates are separated by d = 2.0 cm and connected across a potential difference
V = 500 V. (a) Find the electric field strength between the plates. (b) A proton (¢ = +1.60 x
107 C, m = 1.67 x 10727 kg) is released from rest next to the positive plate. Find the force
on it, and its initial acceleration.

(a)

V500
E=—=——=25x10*V/m.
4 = 0020 = 2Px107V/m

(b)
F =qE = (1.60 x 10719)(2.5 x 10%) = 4.0 x 107'® N.
_F 40x107%
~m 167 x 10727
The proton accelerates directly towards the negative plate with this (enormous) acceleration

— a reminder that even modest laboratory voltages produce huge accelerations on subatomic
particles, because their masses are so small.

=24 x 102 m/s2.

(!) L6i thueng gap: E = V /d chi ding cho trudng déu (gilra hai ban phang song song, xa mép);
khéng dugc ap dung cdng thirc ndy cho dién trudng ciia mot dién tich diém — & do phai dung
E = kq/r%. Hoc sinh cling hay quén déi cm sang m khi tinh d, dan dén sai két qua ding 2 bac
s& ma (102).

The uniform field between charged plates also produces a projectile-motion-like trajectory for a
charged particle entering parallel to the plates (rather than being released from rest, as in the pre-
vious example): the particle’s horizontal velocity component stays constant (no force acts horizon-
tally), while the electric force produces constant acceleration perpendicular to the plates — exactly
analogous to horizontal projectile motion under gravity, with g replaced by a = ¢E/m.
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Vi du mAu - Electron deflection between plates

An electron enters midway between two parallel plates, travelling parallel to them at v, =
2.0 x 107 m/s. The plates are L = 2.0 cm long (in the direction of travel) and separated by
d = 1.0 cm, with a potential difference of 100 V across them. Find the electron’s vertical
deflection by the time it exits the plates, and confirm it does not strike either plate.

The field and acceleration (perpendicular to the initial velocity):
1 E  (1.60 x 10719)(1.0 x 10*
p=Y 10 gtyym,  a= <E - (60X 1070 X 107

= 1.76x10"° 2,
d 0010 m 9.11 x 10 31 x10% m/s

e
Time spent between the plates (horizontal motion is unaffected by the field):

L 0.020

=" —10x10?s.
v 2.0 % 107 8

t:

Vertical deflection, exactly as in projectile motion (y = %atz, starting with zero vertical veloc-
ity):

1 1
y = §at2 = 5(1.76 x 10%9)(1.0 x 1079)2 = |8.8 x 107* m (0.88 mm) |.

Since the electron enters midway between the plates, it can deflect up to d/2 = 5.0 mm before
striking a plate; 0.88 mm is well within this limit, so the electron safely exits the field region,
deflected slightly towards the positive plate.

The balance between an electric force and gravity, for a charged object held between parallel
plates, is the basis of one of the most famous experiments in physics: Millikan’s oil-drop experiment,
which first measured the elementary charge e.

Vi du mAu - Balancing electric and gravitational forces

A tiny charged oil drop of mass m = 1.6 x 10~ kg is held exactly stationary in the air between
two horizontal parallel plates separated by d = 5.0 mm. The drop carries a charge equal to five
elementary charges, ¢ = 5e = 8.0 x 10~'° C. Find the potential difference that must be applied
across the plates to hold the drop in equilibrium.

For the drop to be stationary, the upward electric force must exactly balance the downward
gravitational force:

mg (1.6 x 10-15)(9.81)
E - E = — =
w=mng = q 8.0 x 10-19

=1.96 x 10* V/m.

Using £ =V /d:
V = Ed = (1.96 x 10%)(5.0 x 103) =[98 V|.

This is exactly the method Millikan used: by varying V' until different drops became stationary,
and finding that the required charge on every drop was always a whole-number multiple of one
smallest value, he demonstrated that electric charge is quantised and measured the elementary
charge e.

4.2.6 Capacitance and Energy Storage

Additional Higher Level (AHL) content.
A capacitor is a device (commonly two conducting plates separated by an insulator) that stores
electric charge — and hence electrical energy — when a potential difference is applied across it. Its
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capacitance C is defined as the charge stored per unit potential difference:

C = unit: farad (F) = C/V.
Capacitance is a property of the capacitor’s geometry, not of Q or V individually — doubling V' simply
causes @ to double as well, keeping C fixed. For a parallel-plate capacitor with plate area A and
separation d (with vacuum or air between the plates),
goA
Cc ="
d

Capacitance increases with larger plate area (more room to store charge) and decreases with larger
separation (the plates interact less strongly).

To find the energy stored in a charged capacitor, note that as charge is added in small increments
dg, the voltage across the capacitor at that moment is v = ¢/C (it rises as ¢ builds up, following
Q = CV), so the incremental work is dIW = v dgq. This is exactly the area of a thin vertical strip under
a graph of voltage v (vertical axis) against accumulated charge ¢ (horizontal axis) — and since v = ¢/C
is a straight line through the origin, the total work to charge the capacitor from 0 to final charge Q
(at final voltage V) is the area of the triangle under that line:

1
Estored = iQV

Substituting Q = CV gives two equivalent forms:

1 1 Q?

Estored = §QV = §CV2 = %
. Q . goA
Capacitance: C = v (farads, F); parallel-plate capacitor: C' = o

Energy stored in a charged capacitor:

1 1 Q2
Estored = iQV = §CV2 = %

- GIAI THICH TIENG VIET
Dién dung C = Q/V 1a mét hang s6 phu thuéc hinh hoc cua tu dién (dién tich ban A, khoang
céch d), khéng phu thudc dién tich hay hiéu dién thé dat vao — C' = £,A/d cho tu phang. Nang
luong tich trir E = QV = 3CV?2 = Q*/2C c6 hé s6 1 vi hiéu dién thé tang dan trong qua
trinh nap (khéng phai khéng déi ngay tir dau) — day la dién tich tam giac dudi dé thi V-Q,
khong phai QV don gian (d6 |1a cong thirc cho moét dién tich di chuyén qua hiéu dién thé khéng
déi, khac vai viéc nap tu).

Vi du mau - Parallel-plate capacitor

A parallel-plate capacitor has plates of area A = 2.0 x 1072 m? separated by d = 1.0 mm
(vacuum/air gap), connected to a V' = 12 V supply. Find (a) its capacitance, (b) the charge
stored, (c) the energy stored.

(a)

A (885 x1071%)(2.0x 1072) T
C=-2-= 0107 =1.77 x 1071 F = 177 pF.
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(b)
Q=CV = (177 x10719)(12) = 2.1 x 102 C = 2.1 nC.

(c)
1 1
Eiored = 5CV2 = 5(1.77 x 10719)(12)2 = 1.3 x 1078 J = 12.7 nJ.

4.2.7 Capacitors in Series and Parallel

Additional Higher Level (AHL) content.

Capacitors, like resistors, are frequently connected in combinations, and the equivalent single
capacitance of a network follows rules that are (perhaps surprisingly) the opposite of the rules for
resistors.

For capacitors in parallel, each capacitor has the same potential difference V across it (they share
the same two connection points), but each stores its own charge @, = C,V. The total charge stored
is the sum Qo = Q1 + Qo + - = (C; + Cy +---)V, so the equivalent capacitance is

Cparallel = Cl + CQ + C’3 +

— parallel capacitors simply add, exactly like resistors in series. Physically, connecting capacitors in
parallel is equivalent to increasing the effective plate area, which is exactly why C' = ¢,A/d increases
with A.

For capacitors in series, each capacitor carries the same charge @ (charge pushed onto the first
plate of the chain must appear, by induction, as an equal and opposite charge at every subsequent
junction), but the potential differences across each add up to the total: Vi, = V; + V4, + -+ =
Q(l/cl + 1/02 + ) Since Cseries = Q/Vtotal’

1 1 1 1
Cseries Cl C2 CS

— series capacitors combine like resistors in parallel. Physically, connecting capacitors in series is
equivalent to increasing the effective plate separation, which is exactly why C' = ¢,A/d decreases
with d. As with resistors in parallel, the equivalent series capacitance is always smaller than the
smallest individual capacitance in the chain.

Capacitors in parallel: Cp, o = C; + C, + -+ (same V across each; charges add).

1 1 1
Capacitors in series: ——— = — + — + --- (same @ through each; voltages add).
Cseries Cl 02

- GIAI THICH TIENG VIET
Quy t3c ghép tu dién ngugc lai véi quy tic ghép dién tré: tu dién mac song song thi dién dung
cdng truc tiép (C = C, + C, + ..., gidng dién trd mac ndi ti€p), con tu dién mic ndi tiép thi
nghich dao céng (1/C = 1/C, +1/Cy+ ..., gibng dién tr& m3c song song). Meo nhd: mic song
song tu dién giéng nhu ting dién tich ban (A ting = C tang); mic ndi tiép gidéng nhu ting
khoang cach gilra ban (d tang = C giam).

Vi du miu - Combining capacitors

Three capacitors, C; = 2.0 uF, C;, = 3.0 uF, C; = 6.0 uF, are connected (a) in parallel, (b) in
series. Find the equivalent capacitance in each case.
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(a) Parallel:

(b) Series:

1
— 44— —0.500 + 0.333 + 0.167 = 1.00 uF .
Coree 20 730 60 + + a

Cseries = '

As expected, the series combination (1.0 xF) is smaller than the smallest individual capacitor
(2.0 uF), while the parallel combination (11.0 iF) is larger than the largest individual capacitor
(6.0 uF).

1 1 1

() L6i thueng gap: Hoc sinh hay ap dung nham céng thirc dién tré cho tu dién — nhé rang hai
cong thirc dao nguoc nhau: song song cdng truc ti€p vai tu dién (khéng phai nghich dao nhu
dién trd), noi ti€p thi nghich ddo céng (khong phai cong truc tiép nhu dién tra). Ludn ki€m tra
lai bang truc giac: ghép néi tiép phai cho dién dung nhd hon moi tu thanh phan; ghép song
song phai cho dién dung |&n hon moi tu thanh phan.

4.2.8 RC Circuits: Charging and Discharging
Additional Higher Level (AHL) content.

When a capacitor is charged or discharged through a resistor R, the current does not switch on
or off instantaneously — it changes smoothly. As the capacitor charges, the voltage across it rises
quickly at first, then more and more slowly as it approaches its final value, following an exponential
approach: rapid initial change, tailing off asymptotically towards the final voltage but (mathemat-
ically) never quite reaching it in finite time. Discharging follows the mirror-image behaviour: an
exponential decay from the initial voltage down towards zero, again fast at first and progressively
slower.

The characteristic timescale of this exponential behaviour is the time constant:

7= RC.

A larger resistance R limits the current more strongly, so charge flows more slowly and 7 is larger
(slower charging/discharging); a larger capacitance C' means more charge must flow to reach a given
voltage, which also increases . After one time constant, the voltage (charging) has reached about
63 % of its final value; after roughly five time constants, the capacitor is, for practical purposes, fully
charged or discharged.

RC time constant: = = RC (units: seconds, since & x F = s). Charging: voltage rises from 0
towards its final value with exponential shape. Discharging: voltage falls from its initial value
towards 0 with exponential shape. Larger R or C' = slower charging/discharging (larger 7).

- GIAI THICH TIENG VIET
Hang s6 thoi gian 7 = RC dic trung cho téc dd nap/xa cla tu dién qua dién tré. D6 thi dién
ap theo thoi gian c6 dang ham mi: khi nap, tang nhanh lic dau réi cham dan khi tién gan gia
tri cudi; khi xa, gidam nhanh ltic dau réi cham dan vé 0. R hoac C cang 1én thi r cang I&n — qua
trinh nap/xa cang cham. IB chi yéu cau hiéu dinh tinh dang dudng cong va cong thirc 7 = RC,
khéng can thudc cong thirc ham mi day du.

RC charging and discharging behaviour appears throughout everyday electronics. A camera flash
charges a capacitor slowly (large 7, drawing modest current from a battery over a second or two)
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but discharges it almost instantly through the flash bulb (very small 7, since the bulb has very low
resistance) to release a short, intense pulse of light. Timing circuits (for example, the interval be-
tween windscreen-wiper sweeps on an "intermittent” setting) often use an RC combination to set a
controllable delay, since 7 = RC can be tuned simply by changing R (e.g. with a variable resistor/po-
tentiometer) without needing to change the capacitor.

4.3 D.3 Magnetic Fields and Forces on Moving Charges

Magnetic fields differ from gravitational and electric fields in an important respect: they are produced
not by a static source quantity (mass or charge at rest) but by moving charge — electric current.
Correspondingly, a magnetic field only exerts a force on charge that is itself moving (or on a current-
carrying wire); a stationary charge sitting in a magnetic field feels no magnetic force at all. This
section develops the field patterns produced by currents, the force such fields exert on other currents
and moving charges, and the resulting circular motion of charged particles — the foundation for later
applications such as particle accelerators and mass spectrometers.

4.3.1 Magnetic Field Patterns

Moving electric charge — that is, electric current — produces a magnetic field. Unlike gravitational
and electric field lines, magnetic field lines never start or end anywhere; they always form closed
loops (a direct consequence of there being no known isolated magnetic "charge”, or monopole).
Three current configurations produce field patterns that recur throughout the course:

¢ A long, straight current-carrying wire produces a field of concentric circles around the wire, in
planes perpendicular to the wire. The direction is given by the right-hand rule: point the right
thumb in the direction of conventional current flow, and the curled fingers show the direction of
B circling the wire. Field strength decreases with distance from the wire.

¢ A current loop produces field lines that loop through the centre of the loop (all in the same di-
rection, given by curling the right-hand fingers in the direction of current flow, thumb pointing
through the loop) and curve back around the outside — the pattern resembles a single "turn” of
a bar magnet.

e A solenoid (a tightly wound coil of many loops) produces a field that is strong and very nearly
uniform inside the coil, parallel to its axis, closely resembling the field of a bar magnet — with field
lines emerging from one end (behaving like a north pole) and re-entering the other (behaving like
a south pole), then looping back around the outside.

wire, current I upward

concentric circles,
right-hand rule

solenoid: uniform, parallel

1 field inside, loops back outside

Left: field around a long straight wire (viewed end-on), concentric circles, direction from the right-hand rule. Right: field
inside/around a solenoid, approximately uniform inside, like a bar magnet.

GIAI THICH TIENG VIET
Dudng stre tir ludn 13 cac vong kin (khong co "dién tich ti” o 1ap dé dudng strc bat dau/két
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thac nhu dién truong). Quanh mdt day dan thang mang dong dién: dudng strc 13 cac vong
tron déng tam, chiéu xac dinh bang quy tac ban tay phai: ngoén cai chi chiéu dong dién, cac
ngon con lai cong theo chiéu duong strc tir. Bén trong 6ng day (solenoid) cuén nhiéu vong sat
nhau, tir tredng gan nhu déu va song song truc ong — giong hét mét thanh nam cham.

The solenoid’s near-uniform interior field can be understood as the superposition of many indi-
vidual current loops, stacked side by side: each loop contributes its own field, strongest at its own
centre, and when many such loops are packed closely together, the contributions from neighbouring
loops overlap and reinforce each other along the central axis, while the field outside the loops largely
cancels. This is exactly analogous to the superposition of gravitational or electric fields from many
point sources (Sections D.1.3 and D.2.2) — only here the "sources” are current loops rather than
point masses or charges. Near the very ends of a real (finite-length) solenoid, this reinforcement
is incomplete (there are no neighbouring loops beyond the end to contribute), so the field there
is weaker and less uniform than deep inside; the idealised formula B = pynl derived in the next
section applies strictly only to the interior, far from the ends.

4.3.2 Quantitative Magnetic Field Strength (AHL)

This content is assessed at Additional Higher Level (AHL) only.

The qualitative field patterns of Section D.3.1 can be made quantitative. Each depends on the
constant p, = 47 x 1077 T-m/A, the permeability of free space — the magnetic counterpart of ¢, in
electrostatics.

For a long, straight wire carrying current I, the field at perpendicular distance d from the wire
has magnitude

_ il

- 2nd’
The field decreases with distance (inversely, not inverse-square as with point sources) and forms the
concentric circles described earlier, with direction from the right-hand rule.

At the centre of a single circular current loop of radius R carrying current I, the field magnitude
is
_ pol
=S5
For a coil of N tightly-wound loops (all the same radius R, all carrying the same current I), each
loop’s contribution adds, giving B = pyNI/(2R) at the centre.

Inside a long solenoid with n turns per unit length (i.e. n = N /¢ for a solenoid of N total turns
and length /) carrying current I, the field is very nearly uniform and has magnitude

B

B = pgnli.

Notice this does not depend on the solenoid’s radius at all — only on the current and the "packing
density” of turns along its length; a longer solenoid with the same n and I has the same interior field
strength, just over a longer uniform region.

Magnetic field magnitudes (i, = 47 x 1077 T-m/A):

ol woNT
Bwire = ﬁ’ Bloop centre — ZT’ Bsolenoid (inside) — :uOnI (TL = N/E)

GIAI THICH TIENG VIET
Ba céng thirc dinh lugng cho tir trudng: day thang dai (B = ol /27d, gidam theo 1/d chi
khéng phai 1/d? nhu dién truong diém), tdm vong day tron (B = u,NI/2R), va bén trong 6ng
day dai (B = pgnl, véin = N /{13 s6 vong trén mot don vi chiéu dai). Luu y: tur treong trong
ong day khéng phu thuéc ban kinh 6ng — chi phu thuéc mat dé vong day n va dong dién 1.
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Luén viét 1, riéng bén ngoai moi hay , khéng gop chung vao don vi.

Vi du mAu - Field of a straight wire and a solenoid

(a) Find the magnetic field strength 4.0 cm from a long straight wire carrying a current of 10.0
A. (b) A solenoid has 800 turns wound uniformly over a length of 40.0 cm and carries a current
of 1.5 A. Find the field strength inside it. (c) A single circular loop of radius 0.10 m carries a
current of 2.0 A. Find the field strength at its centre.

(a)

I 4 10-7)(10. 2 x 1077)(10.
il (@rx101)(10.0)  2x10(10.0) oo
27d 27(0.040) 0.040

(b) Turns per unit length: n = N /¢ = 800/0.400 = 2000 m~,

B

B = pgnl = (47 x 1077)(2000)(1.5) = 3.8 x 1073 T (3.8 mT).

(c)
B ol _ (47 x 1077)(2.0)

2R 2(0.10)
Comparing the three results shows how much more effective a solenoid is at concentrating

field strength than either a single wire or a single loop, since it combines the contribution of
many loops along its length.

=13x107°T.

4.3.3 Force on a Current-Carrying Conductor

A current-carrying wire placed in an external magnetic field experiences a force — this is the basic
mechanism behind electric motors and loudspeakers. For a straight length L of wire carrying current
1, in a uniform field of magnitude B, with the wire making angle 6 to the direction of B:

F = BILsin®.

The force is maximum when the current is perpendicular to the field (§ = 90°, sind = 1), and zero
when the current is parallel (or antiparallel) to the field (0 = 0° or 180°, sin 8 = 0) — a current flowing
exactly along the field lines experiences no magnetic force at all. The direction of the force is given
by the right-hand slap rule (or, equivalently, the vector relation F' = IL x B): with the right hand
flat, fingers pointing in the direction of the current, then curling towards B, the thumb (or palm, in
the "slap” version) points in the direction of the force — the force is always perpendicular to both the
current direction and B.

Force on a current-carrying conductor in a magnetic field:
F = BILsing,

where 0 is the angle between the current direction and B. Maximum at § = 90°; zero at § = (°
or 180°. Direction: right-hand slap rule, always perpendicular to both I and B.

GIAI THICH TIENG VIET
Luc tir tac dung 1én day dan mang dong dién: F' = BILsin 6, véi 6 1a gdc gilra chiéu dong dién
va B. Luc I16n nhat khi day vudng gbc véi tir trudng, bang 0 khi day song song vai tir trudng.
Chiéu luc xac dinh bang quy tic ban tay phai (hodc "quy tic vd tay phai”): cac ngon tay chi
chiéu dong dién, cong vé chiéu B, ngén céi (hodc long ban tay) chi chiéu luc — luc luén vudng
goc v&i ca dong dién 1an tir trudng.
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Vi du mAu - Force on a current-carrying wire

A straight wire of length L = 0.40 m carries a current I = 5.0 A in a uniform magnetic field of
B = 0.30 T. Find the force on the wire when (a) the wire is perpendicular to the field, (b) the
wire makes an angle of 30° with the field.

(@) 8 = 90°:

F = BILsin90° = (0.30)(5.0)(0.40)(1) = 0.60 N.

(b) 0 = 30°:
F = BILsin30° = (0.30)(5.0)(0.40)(0.5) = 0.30 N.

Halving sin 6 (from 1 at 90° to 0.5 at 30°) exactly halves the force, as expected from the direct
proportionality to sin 6.

(1) L6i thueng gap: L6i thudng gap: quén nhan sin @ khi day dan khéng vudng géc véi B, mic
dinh dung F' = BIL cho moi trudng hgp. Chikhi 6 = 90° thisind = 1 va F = BIL mdila cong
thire ding va du; vai géc bat ky, luén phai viét day du F = BILsiné.

This force on a current-carrying conductor is the working principle of a simple DC motor: a
rectangular coil carrying current is placed in a magnetic field so that the two sides of the coil parallel
to the field's axis each experience a force F' = BIL sin6, and because current flows in opposite
directions along the two opposite sides of the coil, the two forces point in opposite directions —
together they form a couple (a torque) that rotates the coil. A split-ring commutator reverses the
connection to the current supply every half-turn, so that the current in each side of the coil reverses
direction exactly when the torque would otherwise switch from driving the rotation to opposing it,
keeping the coil turning continuously in the same sense. The same F = BIL sin @ relation, applied
continuously in reverse (a coil rotating in a field, rather than being driven by it), is exactly the AC
generator of Section D.4.5 — motors and generators are, in this sense, the same device operated in
opposite directions.

4.3.4 Force on a Moving Charge and Circular Motion

An individual moving charge, not just a whole current-carrying wire, also experiences a force in a
magnetic field. For a charge ¢ moving with speed v at angle 6 to a field of magnitude B:

F = quBsiné.

This is essentially the same law as for a wire (a current is, after all, many moving charges), with the
direction again given by the right-hand rule (F' = ¢% x B, care needed with the sign of ¢: for a
negative charge, the force is in the opposite direction to what the right-hand rule gives for a positive
charge moving the same way).

This connection can be made precise. Consider a straight wire segment of length L and cross-
sectional area A, containing n charge carriers per unit volume, each of charge ¢, drifting at speed v
perpendicular to a field B. The number of carriers in the segment is N = nAL, and each individually
feels a force gquB, so the total force on the segment is

Fiotas = N(quB) = (nAL)(quB) = (nquA)LB.

The quantity nquA is exactly the current I carried by the wire (charge per unit time flowing past a
cross-section). Substituting I = nqvA recovers

Ftotal = BIL,

precisely the formula of Section D.3.3 — confirming that the force on a current-carrying wire is
nothing more than the sum of the individual magnetic forces on every moving charge carrier inside
it.
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The mostimportant special case is 6§ = 90° (velocity perpendicular to B), giving F' = quB. Because
F is always perpendicular to @ in this case, the magnetic force can never do work on the charge (work
requires a force component along the direction of motion) — it changes the direction of the velocity
but never its magnitude (speed). A force of constant magnitude, always perpendicular to the velocity,
is precisely the condition for uniform circular motion.

Equating the magnetic force to the centripetal force requirement F = mov?/r:

mv2 muv

— = —
r " qB

quB =

The period of this circular motion is T' = ﬂ; substituting » = mv/(¢B):
v

T_Qi mu _ 2mm
v ¢B ¢B’

Notice that v cancels completely — the period (and hence frequency) of circular motion in a magnetic
field is independent of speed: faster particles simply move in proportionally larger circles (r « v),
taking exactly the same time to complete one revolution as slower particles of the same charge-to-
mass ratio in the same field.

B into the page (x); particle follows a circle of radius r = mv/(qB)

Force on a moving charge: I = quBsin6; when & L B (6 = 90°), F = quB, always perpendic-
ular to 9, doing no work = uniform circular motion.
21

r = % (radius), T = ng (period, independent of speed).

GIAI THICH TIENG VIET

Khi ¢ L B, luc tir F = quB ludn vudng goc véi van téc, nén khéng sinh cong — chi déi hudng
chuyén déng, khéng d6i do I6n van téc, két qua 13 hat chuyén déng tron déu. Ban kinh quy
dao r = mv/(¢B) ti lé thuan véi v, nhung chu ky T' = 27m/(qB) khéng phu thudc vao toc do
v — day |3 két qua rat hay bi héi trong dé thi: hat nhanh hon di vong tron 16n hon nhung mat
dang mot khoang thai gian nhu hat cham hon (cung g, m, B).

Vi du mau - Electron circling in a magnetic field

An electron (m = 9.11 x 1073 kg, ¢ = 1.60 x 1071 C) moves at v = 2.0 x 10° m/s perpendicular
to a uniform magnetic field of B = 0.050 T. Find the radius and period of its circular path.

mu  (9.11 x 10731)(2.0 x 106)
"TYB T (1.60 x 10-19)(0.050) % ( )
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2mm 27(9.11 x 10731)
=" —72x 1010,
gB _ (1.60 x 10-19)(0.050) .

The independence of the period 7' = 27wm/(¢B) from speed has a direct practical application: a
cyclotron accelerates charged particles by repeatedly applying a fixed alternating electric field across
a gap, timed at the constant frequency f, = 1/T = ¢B/(2mm) — the cyclotron frequency — while a
magnetic field confines the particles to an expanding spiral path. Because the frequency needed to
stay synchronised does not change as the particle speeds up (only the radius grows), a single fixed
driving frequency can accelerate particles through many revolutions. The same physics explains
why charged cosmic-ray particles entering Earth’s magnetic field near the poles are guided into tight
spirals along the field lines, producing the aurora borealis and aurora australis as they collide with
atmospheric molecules.

4.3.5 The Velocity Selector

When a charged particle passes through a region containing both an electric field £ and a magnetic
field B, arranged at right angles to each other and to the particle’s velocity, the electric force ¢ £ and
the magnetic force quB act in opposite directions. For most particles, these two forces do not cancel
and the particle is deflected. But for a particle moving at exactly the speed at which the two forces

balance,
E

B’
the net force is zero, and the particle travels through the region undeflected, in a straight line. Par-
ticles moving faster than v = E/B feel a net magnetic force (which grows with v) and are deflected
one way; particles moving slower feel a net electric force and are deflected the other way. A nar-
row slit placed at the far end of the apparatus then allows only particles with speed very close to
v = E/B through — hence the name velocity selector.

This principle underlies instruments such as the mass spectrometer, where a velocity selector
first filters ions to a single known speed, after which the ions enter a region of pure magnetic field
and follow a circular arc of radius » = muv/(¢B); since v, ¢, and B are then all known, measuring r
allows the mass m of each ion to be determined — the basis of isotope separation and precise mass
measurement (a qualitative extension beyond the core velocity-selector idea).

qgF =quB = wv=

Velocity selector: crossed electric and magnetic fields let only particles of one specific speed

pass through undeflected:

E
= "B

GIAI THICH TIENG VIET

0 loc van toc (velocity selector) dung dién trudng E va tir truong B vudng goc vai nhau (va
vudng goc véi van téc hat) sao cho luc dién ¢F va luc tir guB can bang nhau: ¢F = quB =
v = E/B. Chi hat c6 ding t6c dé ndy méi di thang qua khe hep ma khéng bi léch — hat
nhanh hon hodc cham hon sé bj léch theo hai huéng khac nhau. Ung dung: may khéi phé
(mass spectrometer) dung nguyén ly nay dé loc téc dé trude khi do ban kinh quy dao trong tir
truong, tir d6 suy ra khéi lugng ion.

Vi du mAu - Velocity selector

A velocity selector has a magnetic field of B = 0.15 T and an electric field of E = 3.0 x 10*
N/C, arranged perpendicular to each other. Find the speed of the (singly charged) particles
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that pass through undeflected.

E 3.0 x10* 5

Note that the charge ¢ cancelled out of the condition ¢ F = quB — the selected speed depends
only on the field strengths E' and B, not on the magnitude (or even the sign, since both forces
flip together) of the charge, so the device selects by speed regardless of the particle’s charge.

(1) L6i thuwong gap: Trong bd loc van téc, dirng nham diéu kién can bing ¢E = quB vdi cong
thirc ban kinh r = muv/(¢B) cla giai doan sau (trong khoi phé ké) — day Ia hai giai doan riéng
biét cua thiét bi, dung hai phuong trinh khac nhau. O giai doan chon van téc, chicé E va B
lién quan (khéng can biét m); & giai doan do ban kinh, chi cé tur truong B tac dung (khong con
dién truong).

As an extension, once ions of known speed emerge from a velocity selector, a full mass spec-
trometer sends them into a second region containing only a magnetic field B,, where they follow a
circular arc of radius r = mv/(qB,) (Section D.3.3). Rearranging for the unknown mass,

qByr

v

Since ¢, B,, and v (from the velocity selector) are all known, measuring r — typically by detecting
where the ion strikes a photographic plate or detector — directly yields the ion’s mass.

Vi du mau - Mass spectrometer

Singly charged ions (g = +1.60 x 10~'? C) emerge from a velocity selector at v = 2.0 x 10°
m/s (as in the worked example above) and enter a second magnetic field region of B, = 0.40
T, where they follow a circular arc of radius » = 0.15 m. Calculate the mass of the ion, in
kilograms and in atomic mass units (1 u = 1.66 x 10727 kg).

—19
- _ aByr _ (160 x 1071%)(0.40)(0.15) _[15x 10 % kg
v 2.0 x 10

m
1.66 x 102" kg (20}

consistent with a light-to-medium mass ion (for example, a singly ionised silicon atom, mass
number = 29).

4.4 D.4 Electromagnetic Induction (AHL)

This content is assessed at Additional Higher Level (AHL) only.

Section D.3 established that a moving charge (current) produces a magnetic field. This section
explores the reverse effect: a changing magnetic field, or a conductor moving through a magnetic
field, produces (induces) an EMF and, in a closed circuit, a current. This phenomenon — electromag-
netic induction — is the working principle behind almost every large-scale electricity generator on
Earth, as well as transformers, induction cooktops, and many sensors, and it is quantified by two
linked laws: Faraday’s law (magnitude) and Lenz’s law (direction).
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4.4.1 Magnetic Flux

Magnetic flux ® through a flat area A measures how much magnetic field "passes through” that area,
taking into account its orientation relative to the field:

® = BAcos?,

where 6 is the angle between the magnetic field B and the normal (perpendicular) to the area 4 —
not the angle between B and the plane of the area itself. Flux is maximum (® = BA) when the area
is oriented face-on to the field (¢ = 0°, normal parallel to B), and zero when the area is edge-on to
the field (6 = 90°, the plane of the loop contains B, so no field lines pass through it at all). The unit
of flux is the weber (Wb), where 1 Wb = 1 Tm?Z.

A A A A A A A A A A A A

~ A A
7 (ndrmal)
A

| —t

LD

Y

(@) @ = 0°: loop face-on, ® = BA (maximum) (b) & = 90°: loop edge-on, ® = 0

A coil’s flux depends on its orientation relative to B: maximum face-on (a), zero edge-on (b) — this is exactly the
geometry exploited by a rotating AC generator coil.

Magnetic flux through area A:
® = BAcos?,

0 measured between B and the normal to the area. Maximum (® = BA) at § = 0°; zero at
6 = 90°. Unit: weber, 1 Wb = 1 Tm?2.

GIAI THICH TIENG VIET
ir thong ® = BA cos d do lugng "duong sirc tir xuyén qua” moét dién tich A, vai 6 1a goc gilra
B va phap tuyén ctia mat (khong phai goc gitra B va mat phang!). Tir thong I&n nhat khi mat
vudng goc vaéi dudng strc (0 = 0°, phap tuyén song song B), bang 0 khi mat song song vai
duong stre (0 = 90°). Day la dai lvgng trung tdm clta toan bd hién tugng cam rng dién tir —
moi suat dién dong cam (rng déu xuat phat tur su’ thay déi cua ®.

(1) L6i thuong gdp: L6i thudng gdp nhat trong tinh tir thong: nham géc 6 trong ® = BA cos
la goc gitra B va mit phing cta khung day, thay vi géc gilra B va phap tuyén (dudng vuodng
goc v6i mat phang). Hai géc nay la phu nhau (90° — 6) — néu dé cho gbc gitra B va mit phang
khung day, phai déi sang goc v&i phap tuyén trude khi dung cong thire, hodc dung sin thay vi
cos mot cach can than.

4.4.2 Faraday’s Law of Electromagnetic Induction

Faraday’s law states that an electromotive force (EMF) is induced in a circuit whenever the magnetic
flux through it changes, and gives the magnitude of that EMF in terms of the rate of change of flux:

do

— N2
¢ dt’
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where N is the number of turns in the coil (each turn contributes its own induced EMF, and since
the turns are in series, the total EMF is IV times that of a single loop). Crucially, flux can change for
any reason — a changing field strength B (e.g. a magnet moving closer or an AC current in a nearby
coil), a changing area A (e.g. a loop being stretched or a rod sliding to change the enclosed area), or
a changing orientation 6 (e.g. a coil rotating in a fixed field) — and in every case Faraday’s law applies
unchanged: it is the change in ® that matters, not the mechanism producing that change.

Faraday’s law:
do
=—-N—.
c dt
An EMF is induced whenever flux through a circuit changes — from a changing B, changing A,
or changing orientation 6 (or any combination).

- GIAI THICH TIENG VIET
Dinh luat Faraday: suit dién dong cam (ng ti 1& v&i téc do thay dai tir thong, e = —N d®/dt,
vGi N a s6 vong day. Diéu quan trong: tir thong cé thé thay déi vi bat ky ly do gi — B déi
(nam cham lai gan/ra xa), A d6i (mach thay déi dién tich), hodc 6 déi (cuén day quay) — dinh
luat Faraday ap dung nhu nhau cho ca ba truong hgp, chi can tinh ding d®/dt.

For a steady (constant) rate of flux change, d®/dt can simply be replaced by A®/At. For example,
a flat coil of N = 100 turns, each of area 0.030 m?, sits with its plane perpendicular to a magnetic
field that increases steadily from 0.20 T to 0.50 T over 2.0 s. The flux through each turn changes from
@, = BA = (0.20)(0.030) = 6.0 x 10~ Wb to &, = (0.50)(0.030) = 1.5 x 10-2 Wh, so

AdD 1.5 x 1072) — (6.0 x 1073
o] = NO2 _ g x (15X 1077) = (6.0x 1077)

= =045 V.
At 2.0 045

This same pattern — a steady A® /At over a stated time interval — is the most common way Faraday’s
law is tested numerically.

4.4.3 Lenz's Law

Faraday’s law gives the magnitude of the induced EMF; Lenz's law gives its direction (equivalently,
the direction of any induced current that flows as a result): the induced current always flows in the
direction that opposes the change in flux that produced it. This is the origin of the minus sign in
Faraday’s law, and it is not an arbitrary rule — it is a direct consequence of conservation of energy.
If the induced current instead reinforced the change in flux, the effect would build on itself with no
energy input, which is impossible; opposing the change means work must be done (e.g. to push a
magnet into a coil against the "resistance” the coil’'s induced field provides), and that work is exactly
what supplies the electrical energy delivered by the induced current.

Vi du mAu - Direction of an induced current (Lenz’s law)

The north pole of a bar magnet is pushed towards one end of a stationary coil of wire connected
to form a closed loop. Determine the direction of the induced current in the coil, viewed from
the approaching magnet.

As the magnet approaches, the flux through the coil (in the direction from the magnet towards
the coil) is increasing. By Lenz's law, the induced current must oppose this increase — it must
create its own magnetic field, at the near end of the coil, pointing back towards the approaching
magnet (i.e., the coil’'s near face must behave like a north pole, since like poles repel and this
opposes the magnet’s approach). Applying the right-hand rule in reverse (curl the fingers in the
direction that makes the thumb point back towards the incoming magnet), the induced current
flows counterclockwise as viewed from the magnet’s side. If the magnet is instead withdrawn,
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the flux decreases, and by the same reasoning the coil’s near face must now become a south
pole (to attract the departing magnet, opposing its retreat) — so the current reverses to flow
clockwise.

. GIAI THICH TIENG VIET

Dinh luat Lenz: dong dién cdm (ng ludn cé chiéu chéng lai su thay déi tir thong da sinh ra né
— day la hé qua truc tiép clta dinh luat bao toan nang lvong (néu dong cdm trng lai "tiép surc”
cho su thay doi, nang lugng sé tu sinh ra vo han, vé ly). Meo lam bai: khi nam cham tién lai
gan cudn day, mat cudn day gan nam cham phai tré thanh cuc cung dau véi cuc dang tién téi
(dé day lai); khi nam cham r&i xa, mat dé phai trd thanh cuc trai dau (d€ hat lai, chdng su roi
di).

(1) Loi thueng gap: Loi thudng gap: xac dinh chiéu dong cam rng theo hudng "ting cudng” tir
thong thay vi "chéng lai” — day 1a 16i vi pham bao toan ning lwgng va ludn sai. Ludn tu hoi: "tur
théng dang tang hay gidm?”, réi suy ra cuc tir can thiét dé€ chéng lai xu huéng dé, cudi cung
md&i dung quy tic ban tay phai dé suy ra chiéu dong dién.

Lenz's law also explains eddy current braking, used in some train and roller-coaster braking sys-
tems: as a solid conducting metal plate (or wheel) moves through a region of magnetic field, the
changing flux through different parts of the metal induces circulating eddy currents within it, in
loops that — by Lenz’s law — oppose the plate’s motion. This induced opposing force converts the
plate’s kinetic energy directly into heat (resistive dissipation of the eddy currents) with no mechanical
contact at all, giving a smooth, wear-free braking force that grows automatically with speed (faster
motion means a faster-changing flux, which means larger induced currents and a stronger retarding
force).

4.4.4 Motional EMF

A straight conducting rod of length L, moving with speed v perpendicular to a uniform magnetic
field B (with the rod itself perpendicular to both v and B), develops an EMF between its ends. Two
equivalent arguments derive the same result.

Force-on-charges argument: each free charge ¢ inside the moving rod is itself moving with ve-
locity v through the field B, so it experiences a magnetic force F' = guB along the length of the
rod, pushing positive charge to one end and leaving the other end negative. This charge separation
continues until the resulting electric field inside the rod exactly balances the magnetic force (equi-
librium), at which point ¢E,,y = quB, so E,,q = vB. Since the potential difference across a uniform
fieldis V = E, 4L (from E = V /d, Section D.2.4), the EMF of the rod is

¢ =vBL.

Flux-rule argument: suppose the rod slides along two parallel conducting rails a distance L apart,
closing a circuit. In time At, the rod sweeps out an additional area AA = L(vAt), so the flux enclosed
by the circuit changes by A® = BAA = BLv At. By Faraday’s law (with N = 1),

A®  BLvAt

TAL T AL

= BlLwv,

the same result.
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X X X X X X X

R X X X p—>p»x X X

X X X X X X X

B into the page; Fgg slides on rails at speed v

A conducting rod sliding on parallel rails through a uniform field generates a motional EMF € = BLw, driving a current
through resistor R closing the circuit.

Motional EMF of a straight rod, length L, moving at speed v perpendicular to field B (rod
perpendicular to both):
€ = BLw.

- GIAI THICH TIENG VIET
Suat dién dong cdm Ung do thanh dan chuyén déng: ¢ = BLv, c6 thé suy ra bang hai cach —
(1) luc tir day dién tich tu do trong thanh dén khi can bang véi dién trudng ndi tai, hodc (2) téc
doé thay déi dién tich quét duoc nhan véi B (quy tac tir thong cha Faraday). C3 hai cach déu
cho cung két qua — day la minh hoa dep cho thay dinh luat Faraday va luc Lorentz thuc chat
I3 hai cAch nhin ctia cung mot hién tuwong vat ly.

Vi du mau - Motional EMF on rails

A conducting rod of length L = 0.50 m slides along horizontal rails at constant speed v = 4.0
m/s, perpendicular to a uniform magnetic field B = 0.20 T. The rails are connected by a resistor
R = 2.0 Q. Find (a) the induced EMF, (b) the induced current.

(a)

£ = BLv = (0.20)(0.50)(4.0) = 0.40 V.

) 0.40
S .
I=—=——=020A.
R 20 0-20

As a check on energy conservation: the electrical power dissipated in the resistor is P, =
I’R = (0.20)%(2.0) = 0.080 W. This must equal the mechanical power an external agent
supplies to keep the rod moving at constant velocity against the retarding magnetic force
F = BIL = (0.20)(0.20)(0.50) = 0.020 N, since P, = Fv = (0.020)(4.0) = 0.080 W —
the two match exactly, confirming that the work done pushing the rod is converted, via induc-
tion, directly into electrical energy dissipated in R.

4.4.5 AC Generation

A coil of N turns, each of area A, rotating with constant angular velocity w inside a uniform magnetic
field B, is the basic model of an AC generator. As the coil rotates, the angle between the field and
the coil's normal changes continuously as 8 = wt (starting face-on to the field at t = 0), so the flux
through the coil varies as

®(t) = BAcos(wt).

Applying Faraday’s law, the induced EMF is (minus) the rate of change of this flux, multiplied by N:

e(t) = —Nc;(f = NBAwsin(wt).
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The EMF therefore oscillates sinusoidally with time, exactly the alternating-current waveform used
throughout electrical power systems. Its peak (maximum) value occurs when sin(wt) = 1:

€9 = NBAw.

This makes physical sense: the EMF is zero when the coil is face-on to the field (¢ = 0, flux at its
own maximum but momentarily not changing, since cos is at a turning point there) and maximum
when the coil is edge-on (6 = 90°, flux passing through zero but changing fastest at that instant).

g fe@y=cts —wNvbaw o

—EQ f oS T

The generator EMF £(t) = ¢, sin(wt) oscillates sinusoidally, reaching peak value ¢, = N BAw twice per rotation.

AC generator (coil of IV turns, area A, rotating at angular velocity w in field B):

e(t) = NBAwsin(wt), ey = NBAw (peak EMF).

- GIAI THICH TIENG VIET
May phat dién xoay chiéu: cudn day N vong, dién tich A, quay déu véi téc dod goc w trong tir
trwong B tao ra suat dién dong dao dong hinh sin e(t) = NBAwsin(wt), véi bién do (gia tri
dinh) e, = NBAw. Luu y nghich ly th vi: suat dién dong bang O khi tir thong 1&n nhat (cudn
day déi dién truc tiép vai tir trudng — ltc dé @ dang & dinh, tam thdi khéng déi), va suat dién
déng 16n nhat khi tir théng bang 0 (cudn day song song vai tir truding, ® dang d6i nhanh nhat).

For example, a generator coil with N = 200 turns, area A = 0.015 m?, rotating in a field B = 0.10
T at a frequency of f = 50 Hz (so w = 27 f = 314 rad/s) produces a peak EMF of ¢, = NBAw =
(200)(0.10)(0.015)(314) ~ 94 V — this is exactly how mains AC electricity is generated at power
stations, just scaled up enormously in size and field strength.

4.4.6 Transformers

A transformer uses electromagnetic induction to change (step up or step down) an AC voltage. It
consists of two coils — a primary coil (of N, turns, connected to the input voltage Vp) and a secondary
coil (of N, turns, delivering the output voltage V) — wound around a common iron core, which
concentrates the magnetic flux from the primary and channels nearly all of it through the secondary.
Because the same changing flux ®(¢) passes through every turn of both coils, Faraday’s law applied
to each coil gives V, = N,d®/dt and V, = N, d®/dt (in magnitude); dividing these two relations,
the common d®/dt cancels, giving the ideal transformer equation:

Ve _ Ns
Vo N,

A transformer with more turns on the secondary than the primary (v, > Np) is a step-up transformer
(V, > Vp); with fewer turns on the secondary (N, < Np), it is a step-down transformer (V, < Vp).

For an ideal (lossless) transformer, energy is conserved: the electrical power delivered to the
primary equals the power delivered by the secondary,

2| =

IS
L =LV, = =
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ENGLISH

Note the current ratio is the inverse of the turns/voltage ratio: a step-up transformer (higher V)
necessarily delivers a lower I for the same power, and vice versa for step-down.

Ideal transformer:

N,
KZ =N LV, =I,V, (powerin = power out).

. GIAI THICH TIENG VIET

May bién ap ly tudng: V,/V, = N /N, (ti s6 dién 4p bang ti s6 s& vong day), va vi cong suat
bao toan (1,V,, = 1,V,), ti s6 dong dién nguoc lai vdi ti s6 dién ap: 1,/1, = N,/N,. Day la |6i
hoc sinh hay nham nhat — ting ap (step-up) thi giam dong, ha ap (step-down) thi tang dong,
dé coéng suat khéng déi.

Vi du mAu - Step-down transformer

A transformer connected to the V,, = 230 V mains has N,, = 1000 turns on the primary and
N, = 50 turns on the secondary. A device connected to the secondary draws a current I, = 4.0
A. Find (a) the secondary (output) voltage, (b) the power delivered, (c) the primary current.

(a)

Vszvp-x‘;:%()x 1280 =115 V.
(b)
P =1V, =(4.0)(11.5) = 46 W.
(c) From LV, =P: b ©
I,= 3 = 555 = 020A

p
(Check via turns ratio: I, = I - N, /N, = 4.0 x 0.05 = 0.20 A — consistent.)

Real (non-ideal) transformers lose a small fraction of the input power to resistive heating and
other effects, so their efficiency is defined as

P
efficiency = —2PUt & 100 %.
input

For example, if a transformer with 1000 W supplied to its primary delivers only 920 W from its sec-
ondary, its efficiency is 920/1000 x 100 % = 92 %; the remaining 80 W is lost to eddy currents,
resistive heating in the windings, and hysteresis in the core, discussed below. Well-designed power
transformers typically achieve efficiencies above 95 %, but 100 % (the ideal case assumed throughout
this section unless stated otherwise) is never quite reached in practice.

Real transformers are not perfectly lossless. One important source of energy loss is eddy cur-
rents: the changing magnetic flux induces circulating currents not only in the intended secondary
coil but also within the bulk iron core itself (the core is a conductor). These eddy currents dissi-
pate energy as heat (I2R losses within the core), reducing efficiency and potentially overheating
the transformer. The standard mitigation is to build the core from thin, electrically insulated sheets
(laminations) rather than a single solid block — this breaks up the conducting paths available to eddy
currents, greatly reducing them, while barely affecting the core’s ability to carry the useful magnetic
flux.

Finally, transformers work only with alternating current, never direct current: the entire mech-
anism depends on a continuously changing flux to induce an EMF in the secondary coil (Faraday’s
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law requires d®/dt + 0). A steady DC current in the primary produces a constant flux, so once any
initial transient has died away, d®/d¢ = 0 and no EMF is induced in the secondary at all.

This is precisely why electrical power is generated, transmitted, and distributed as AC rather than
DC. Power lost to resistive heating in a transmission cable is B, = I*Rpje, SO for a fixed amount
of power P = IV to be delivered, minimising the current I (by transmitting at very high voltage
V) minimises the loss. A step-up transformer at the power station raises the voltage to hundreds
of kilovolts for transmission (correspondingly lowering the current), and step-down transformers at
local substations and near consumers reduce it again to safe, usable levels. Because transformers
require a changing flux, only AC allows this repeated, efficient stepping of voltage up for transmission
and back down for use — a major reason AC (rather than DC) became the standard for electricity
grids.

This transmission-efficiency argument was the central technical point in the late-19th-century
"War of Currents” between proponents of AC (championed by Tesla and Westinghouse, exploiting
exactly the transformer principle developed in this section) and DC systems (championed by Edison,
whose early DC grids could not step voltage up or down at all, and so suffered large transmission
losses over any significant distance). AC’s ability to be transformed efficiently is the direct physical
reason it prevailed as the basis of essentially all large-scale electricity grids in use today.

() L6i thuong gdp: Hoc sinh hay quén: may bién ap chi hoat déng véi dong xoay chiéu (AC),
vi co ché hoat déng dua vao tir thong bién thién. Néu cap dong mét chiéu (DC) én dinh vao
cudn so cap, tir théng sé khong doi sau giai doan qua do ban dau, d® /dt = 0, va khéng cé suit
dién dong cdm (rng nao & cudn thir cap — may bién ap DC khong tén tai theo nghia nay.

Real transformers and generators also suffer other unwanted energy losses beyond eddy cur-
rents: resistive heating in the copper windings (/2R losses, reduced by using thick, low-resistance
wire), and hysteresis losses from repeatedly magnetising and demagnetising the core material as the
current alternates (reduced by choosing "soft” magnetic materials that are easy to magnetise and
demagnetise). None of these change the ideal relations V,/V,, = N,/N,, derived above, which re-
main the correct starting point for any transformer calculation unless a problem explicitly states an
efficiency below 100 %.

4.4.7 Bringing the Three Fields Together

Having now studied gravitational, electric, and magnetic fields in turn, it is worth stepping back to
compare them directly, since IB exam questions frequently test whether a student can correctly
select which field law applies to a given situation.

Field Source Acts on Key feature
Gravitational mass M (at rest or any massm always attractive; ¢ =
moving) GM/r* E, = —GMm/r
Electric charge ¢ (at rest or any charge ¢’ attractive or repulsive;
moving) E = kq/r* E, = kq,qy/r
Magnetic moving charge / cur- only moving charge or force L velocity; does no
rent current work; produces circular

motion whenv L B

A single moving charged particle can, in general, experience gravitational, electric, and magnetic
forces simultaneously — a charged dust grain falling through Earth’s atmosphere, for example, feels
gravity (constant, downward), any local electric field (from atmospheric charge separation), and the
Lorentz magnetic force if it has any horizontal velocity component through Earth’s magnetic field.
Exam questions often combine two of these three fields in one scenario (as in the velocity selector
of Section D.3.4, which pairs electric and magnetic forces); always identify each force separately,
using the correct law for its type, before combining them as vectors.
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GIAI THICH TIENG VIET
Ba loai truding trong chuwong ndy — hap dan, dién, tor — déu dung chung mot khung ly thuyét
(cwdng do truong, thé nang, thé), nhung c6 nhirng khac biét cot 16i can phan biét ro: trwong
hap dan ludn hut; truong dién coé thé hat hoac day tuy dau dién tich; con trudng tir chi tac
dung luc én dién tich dang chuyén déng (hoic dong dién), va luc dé luén vudng goc véi van
toc nén khéng sinh cdng. Khi mot bai toan két hgp nhiéu loai treong (vi du bo loc van téc —
dién va tu), hay xac dinh riéng tirng luc réi méi cong vector.

Strategy: approaching a Fields problem

Before starting any calculation, quickly identify: (1) which field(s) are involved — gravitational,
electric, magnetic, or a combination; (2) whether the source is a point object (use the inverse-
square laws g = GM /r%, E = kq/r?) or a uniform-field configuration such as parallel plates
or deep inside a solenoid (use F = V /d, B = u,nlI); (3) whether the question asks for a force,
a field strength, an energy, or a potential — these are related but different quantities, with
different units; (4) whether multiple sources are present, requiring vector superposition; and
(5) for circular-motion and induction problems, whether the question wants the radius/pe-
riod (kinematics of the motion) or the EMF/force (dynamics). Sketching a quick diagram with
field directions marked (using the right-hand rule where relevant) before writing any equation
prevents most sign and direction errors.

4.5 Problem Bank

Problem D.1

Which formula correctly gives the gravitational field strength g at distance r from a point mass
M?

(A) g=GMm/r (C) g=GM?/r
(B) g =GM /r? (D) g = Gm/r?

Loi giai chi tiét

Field strength is force per unit mass: g = F'/m = (GMm/r?)/m = GM /r?, independent of
the test mass m. (B).

Problem D.2

Mars has mass M = 6.42 x 10?3 kg and radius R = 3.39 x 10° m. Calculate the gravitational
field strength at its surface.

Loi giai chi tiet

GM  (6.67 x 10711)(6.42 x 1023) 5
9=z = (3.39 x 10°)2 =378 m/s}

Problem D.3

A spacecraft of mass 500 kg moves from r; = 8.0 x 10° m to r, = 1.2 x 107 m from the centre
of a planet of mass M = 6.0 x 10** kg. Calculate the change in the spacecraft’s gravitational
potential energy, and state whether energy must be supplied to the spacecraft or is released
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by it.

Lai giai chi tiét

-

_GMm _GMm

E, = =—-250x10'%), E,= =—1.67 x 10'°J.
Tl TQ

AE,=E,—E, =|483 x10°J}|

Since AE, > 0, energy must be supplied to the spacecraft (external work is done against
gravity) to move it further away.

Problem D.4

A satellite moves at constant speed around Earth in a circular orbit of fixed radius . How much
net work does the gravitational force do on the satellite over one complete orbit?

(A) Positive, equal to its kinetic energy (C) Zero
(B) Negative, equal to its potential energy (D) It depends on the orbital speed

Loi giai chi tiet

A circular orbit of fixed r lies entirely on a single gravitational equipotential surface (a sphere
centred on Earth). No net work is done moving along an equipotential surface, since the gravi-
tational force is always perpendicular to the satellite’s velocity at every instant (it points radially
inward, purely centripetal). (C).

Problem D.5

The Moon has mass M = 7.35 x 10?2 kg and radius R = 1.74 x 10% m. Calculate the escape
velocity from the Moon'’s surface.

Loi giai chi tiét
2GM 2(6.67 x 10~11)(7.35 x 1022) -
I \/ 7= \/ 174 5 10° =12.37 x 10° m/s (2.37 km/s) |.

This is roughly a fifth of Earth’s escape velocity (11.2 km/s) — consistent with the Moon’s much
smaller mass and radius, which is why the Moon cannot retain a substantial atmosphere.

Problem D.6 (AHL)

A satellite of mass 1200 kg orbits Earth (M = 5.97 x 10%* kg) in a circular orbit of radius
r, = 7.00 x 10° m. (a) Calculate its kinetic energy, potential energy, and total mechanical
energy. (b) The satellite is later moved into a new circular orbit at 7, = 1.40 x 107 m (double
the original radius). Calculate the energy that must be supplied to achieve this.

Loi giai chi tiét

(a)
_ GMm

2ry

M
—341x100), E = _GMm 69351010 ),

p )

KE
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E,=KE+ E,=|-341 x 1019}

) GM
By=——" = 171 x 1010 J.
2r,

AE =E,— E, =|+1.71 x 10'° J ‘ must be supplied.

Problem D.7

If the distance between two point charges is tripled (with both charges unchanged), by what
factor does the Coulomb force between them change?

(A) It becomes 1/3 of the original (C) It becomes 3x the original
(B) It becomes 1/9 of the original (D) It becomes 9x the original

Loi giai chi tiet

F o 1/r%. Tripling r gives F — F/3% = F/9. (B).

Problem D.8

Two point charges, ¢; = +2.0 uC and ¢, = +8.0 uC, are separated by 0.15 m. Calculate the
electric force between them and state whether it is attractive or repulsive.

Lai giai chi tiét

-

.11 I

k 8.99 x 10%)(2.0 x 107%)(8.0 x 106
_ fgh _ )( s )( ) _[6aN]

Both charges are positive, so the force is repulsive.

Problem D.9

A point charge ¢ = +5.0 uC is isolated in space. Calculate (a) the electric field strength at a
point 0.40 m from the charge, (b) the force this field would exert on a charge of +2.0 C placed
at that point.

Loi giai chi tiét
(@)

-

kg (8.99x10%)(5.0x 107%) 5
E=—= 0.40)2 =|2.8 x 10° N/C|.

F=¢FE=(20x1075)(2.8 x 10°) =|0.56 N |.

(b)

Problem D.10

Which of the following statements about electric field lines is correct?
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(A) Field lines can cross each other where (C) Field lines originate on positive charge
two fields overlap and terminate on negative charge

(B) Field lines always point from low poten- (D) The electric field is strongest where field
tial to high potential lines are most widely spaced

Loi giai chi tiét

Field lines start on positive charge and end on negative charge; they never cross (the field has
one direction at each point); closely-spaced (not widely-spaced) lines indicate a stronger field.
(C).

Problem D.11

An electron is placed between two parallel plates separated by d = 1.5 cm, across which a
potential difference of 300 V is applied. Calculate (a) the electric field strength between the
plates, (b) the force on the electron, (c) its initial acceleration (m, = 9.11 x 1073 kg, e =
1.60 x 1071 C).

Loi giai chi tiét
(@)

=—— =[20x10*V/m|

F =¢FE = (1.60 x 10719)(2.0 x 10%) ={3.2 x 10715 N |

F 3.2 x 1071°
— = 22" | 1 15 2 )
0= = oaIx10 —[35x 107 m/s

€]

(b)

(c)

Problem D.12

A charge of +3.0 uC is moved from a point where the electric potential is 200 V to a point
where it is 50 V. Calculate the work done by an external force in moving the charge between
these points, and comment on the sign of your answer.

Loi giai chi tiét

W = qAV = g(V; — V;) = (3.0 x 1079)(50 — 200) = | —4.5 x 10—+ J],

The negative sigh means no external work is actually required: the electric field itself does
+4.5 x 10~* J of work on the positive charge as it moves naturally from the higher potential
(200 V) to the lower potential (50 V).

Problem D.13

A parallel-plate capacitor has plate area 0.050 m? and plate separation 2.0 mm. Calculate (a)
its capacitance, (b) the charge stored when it is connected to a 9.0 V battery.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 172



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét
(@)

gpA  (8.85 x 10712)(0.050)

_ _ —10
C== —— =[2.2 x 10710 F (221 pF) |

(b)

Q=CV =(22x10719)(9.0) =|2.0 x 1072 C (2.0nC) |

Problem D.14

A 4.0 uF capacitor is charged to a potential difference of 12 V. Calculate the energy stored in
the capacitor.

Lai giai chi tiét

-

1 1
Eiored = 5CV2 = 5(4.0 x 1076)(12)% =|2.9 x 10~*J|.

Problem D.15

A capacitor is charged through a resistor in series. Which change would increase the time
constant of the charging circuit?

(A) Decreasing R (C) Increasing R

(B) Decreasing C (D) Removing the resistor entirely

Loi giai chi tiet

7 = RC: increasing either R or C increases 7. Of the options given, only increasing R does
this. (C).

Problem D.16

A long, straight wire carries a current directly out of the page, towards the reader. What is the
direction of the magnetic field at a point directly above the wire (in the plane of the page)?
(A) To the left (C) Directly away from the wire

(B) To the right (D) Directly towards the wire

Lai giai chi tiét

By the right-hand rule, with the thumb pointing out of the page (direction of current), the
fingers curl counterclockwise as seen by the reader. At the point directly above the wire, the
counterclockwise tangent direction points to the left. (A).

Problem D.17

A wire of length 0.25 m carrying a current of 8.0 A is placed perpendicular to a uniform magnetic
field of 0.60 T. Calculate the force on the wire.
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Loi giai chi tiét

F = BILsin6 = (0.60)(8.0)(0.25)sin90° = [1.2 N|

Problem D.18

A current-carrying wire is oriented exactly parallel to an external magnetic field. What is the
magnetic force on the wire?

(A) F = BIL, the maximum possible value (C) F=BIL/2
(B) F=0 (D) It depends on the wire's resistance

Loi giai chi tiét
F = BILsin 6 with 8§ = 0° (parallel), so sin = 0 and F = 0. (B).

Problem D.19

A charged particle, with charge of magnitude equal to the elementary charge, moves at 3.5 x
10° m/s perpendicular to a magnetic field of 0.80 T. Calculate the magnitude of the magnetic
force on the particle.

Lai giai chi tiét

F = quB = (1.60 x 10719)(3.5 x 10°)(0.80) = |4.5 x 10~ N|.

-

Problem D.20

A proton (m = 1.67 x 10727 kg, ¢ = 1.60 x 10~'° C) moves at 1.5 x 10 m/s perpendicular to
a uniform magnetic field of 0.25 T. Calculate (a) the radius of its circular path, (b) the period of
its motion.

Loi giai chi tiét
(@)

-

mv  (1.67 x 10727)(1.5 x 10%)
T 4B =163 %10 °m (6.3cm)|
"B (1.60 x 10-19)(0.25) 6.3 x 107 m (6.3 cm)

2 27m(1. 10727
po2mm 267 x107) s
¢B ~ (1.60 x 10-19)(0.25)

(b)

Problem D.21

A proton and an alpha particle (charge +2e, mass approximately 4 times the proton’s mass)
move at the same speed, perpendicular to the same magnetic field. How does the radius of
the alpha particle’s circular path compare with that of the proton?

(A) Same radius (C) Twice the radius

(B) Half the radius (D) Four times the radius
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Loi giai chi tiét

dm,,/2e 2m. /e
r = mv/(¢B). Ratio: Ta _ My/de  4my/2e  2myle

T, My,/q, N m,/e N m,/e N
j Problem D.22

In a velocity selector, the electric field strength is 5.0 x 10* N/C. Only particles moving at
2.5 x 10° m/s pass through undeflected. Calculate the required magnetic field strength.

Loi giai chi tiét

2. (C).

E E  5.0x10%
== B=—"="""_ —1020T|
=B = v 2.5 x 105

Problem D.23

In a velocity selector, the electric force on a charged particle points in a fixed direction inde-
pendent of speed, while the magnetic force points in the opposite direction with magnitude
proportional to speed. A particle enters moving faster than the selected speed v = E/B. In
which direction is it deflected?

(A) In the direction of the electric force, since  (C) It continues straight, since only slow par-
it always dominates ticles deflect

(B) In the direction of the magnetic force,
since quB now exceeds ¢F (D) Perpendicular to both forces

Loi giai chi tiét

The magnetic force quB grows with speed while the electric force ¢ E stays fixed; forv > E/B,
quB > qF, so the net force — and hence the deflection — is in the direction of the magnetic
force. (B).

Problem D.24

A proton enters a region of uniform magnetic field B = 0.20 T, moving at 4.0 x 10° m/s per-
pendicular to the field. (a) Calculate the radius of its circular path. (b) Calculate the period of
its motion. (c) If the proton is replaced by an electron with the same speed in the same field,
state and briefly explain how the radius of the path changes.

Loi giai chi tiét
(@)

-

mv  (1.67 x 10727)(4.0 x 106)
"T 4B (1.60 x 10-19)(0.20)

2mrm 2m(1.67 x 10727)
T= = =133x10"s]|.
¢B (160 x 10-19)(0.20) .
(c) Since r = mwv/(qB) is directly proportional to mass (with |g|, v, B unchanged), and the
electron’s mass is about 1836 x smaller than the proton'’s, the electron’s radius would be about

1836 x smaller than the proton’s — a far tighter circle (curving the opposite way, since the
electron’s charge is negative).

(b)
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Problem D.25 (AHL)

A circular coil of area 0.020 m? is placed in a uniform magnetic field of 0.40 T, oriented so that
the normal to the coil makes an angle of 60° with the field. Calculate the magnetic flux through
the coil.

Lai giai chi tiét

® = BAcosf = (0.40)(0.020) cos 60° =| 4.0 x 103 Wb |

Problem D.26 (AHL)

The south pole of a bar magnet is withdrawn (moved away) from a coil of wire connected to
form a closed loop. Which statement correctly describes the induced current, as determined
by Lenz's law?

(A) The induced current creates a north pole  (C) No current is induced, since the magnet

at the near face of the coil, to attract the is moving away rather than towards the
departing south pole coil

(B) The induced current creates a south pole (D) The current direction cannot be deter-
at the near face of the coil, to repel the mined without knowing the coil’s resis-
departing south pole tance

Loi giai chi tiét

The flux from the departing south pole is decreasing. By Lenz's law, the induced current op-
poses this decrease by trying to keep the magnet in place — the near face of the coil becomes
a north pole, which attracts the departing south pole (opposite poles attract), opposing its
retreat. (A).

Problem D.27 (AHL)

A coil of 250 turns experiences a change in magnetic flux (through each turn) from 2.0 x 10~*
Wb to 6.0 x 10~* Wb over a time interval of 0.050 s. Calculate the magnitude of the induced
EMF.

Loi giai chi tiét

AP (6.0 —2.0) x 1074
e :N‘E‘ =200 0.050 =|2ev)

Problem D.28 (AHL)

A conducting rod of length 0.80 m slides along horizontal rails at constant velocity 6.0 m/s,
perpendicular to a uniform magnetic field of 0.35 T. The rails are connected by a resistor of
5.0 Q. Calculate (a) the induced EMF, (b) the current in the circuit, (c) the force that must be
applied to the rod to keep it moving at constant velocity.
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Loi giai chi tiét
(a)
e = BLv = (0.35)(0.80)(6.0) = [1.7 V.

1=£=1% _feaia)

(c) Since the rod moves at constant velocity, the applied force must exactly balance the retard-
ing magnetic force on the current-carrying rod:

F = BIL = (0.35)(0.336)(0.80) = [0.094 N]|.

(b)

Problem D.29 (AHL)

A generator coil has 150 turns, each of area 0.025 m2, and rotates in a uniform magnetic field
of 0.080 T at a frequency of 60 Hz. Calculate the peak EMF produced.

Loi giai chi tiét

w=2nf=2m(60) =377 rad/s.

go = NBAw = (150)(0.080)(0.025)(377) = | 1.1 x 10? V (113 V) |.

Problem D.30 (AHL)

A step-up transformer has 80 turns on the primary and 800 turns on the secondary. The primary
is connected to a 120 V AC supply and draws a current of 15.0 A. Assuming an ideal (lossless)
transformer, calculate (a) the secondary voltage, (b) the secondary current.

Loi giai chi tiet

(@)

Problem D.31 (AHL)

(a) A long, straight wire carries a current of 15.0 A. Calculate the magnetic field strength at a
perpendicular distance of 0.12 m from the wire. (b) A solenoid has 1200 turns wound uniformly
over a length of 0.60 m and carries a current of 2.0 A. Calculate the magnetic field strength
inside the solenoid.

Loi giai chi tiét
(@)

-

I 4 10~7)(15.
B Ho _ (4m <10 )(50):2.5><10*5T.
2nd 21(0.12)
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(b) Turns per unit length: n = N /¢ = 1200/0.60 = 2000 m~1.

B = pynl = (47 x 1077)(2000)(2.0) = 5.0 x 1073 T (5.0 mT) |

Note that the solenoid, despite carrying less current than the straight wire, produces a field
roughly 200 times stronger — concentrating many turns close together is far more effective
than a single long wire at building up field strength.

Problem D.32

Two point charges, ¢; = +6.0 uC and ¢, = —6.0 uC, are fixed 0.20 m apart. Point P lies on
the perpendicular bisector of the line joining them, 0.15 m from the midpoint. Calculate the
magnitude of the net electric field at P.

Loi giai chi tiét

By symmetry, P is equidistant from both charges:

r = +/(0.10)2 4 (0.15)2 = v/0.0325 = 0.180 m.
Each charge produces a field of the same magnitude at P:

kg  (8.99 x 109)(6.0 x 107)
E,=E, === =1.66 x 105 N/C.
1= =05 0.0325 % /

The field from +¢, points away from ¢;; the field from —¢, points towards ¢,. Resolving each
into components (parallel and perpendicular to the line joining the charges), the components
perpendicular to that line (i.e. along PM, M = midpoint) are equal and opposite and cancel
exactly by symmetry, while the components parallel to the line joining the charges point in
the same direction and add. Using cos ¢ = 0.10/0.180 = 0.555 for the angle ¢ between each
field vector and the line joining the charges:

Eoet = 2F, cos ¢ = 2(1.66 x 10°)(0.555) = |1.8 x 105 N/C|,

directed parallel to the line joining the charges, from the positive charge’s side towards the
negative charge’s side.
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Theme E: Nuclear and Quantum Physics

Muc tiéu Unit: M6 hinh nguyén tir va quang phé vach; vat ly luong tir (AHL) — hiéu (ng quang dién,
ludng tinh sdng-hat, nguyén ly bat dinh Heisenberg; phan ra phéng xa va dinh luat phan ra theo ham
m; phan hach hat nhan, nang lvong lién két va |6 phan (rng hat nhan; phan &ng nhiét hach, su hinh
thanh va ti€én hoa cua cac ngdi sao, va mé hinh chuan cta vat ly hat.

5.1 E.1 Structure of the Atom

5.1.1 Early Atomic Models and the Rutherford Scattering Experiment

By the early twentieth century, J.J. Thomson’s discovery of the electron led to the plum-pudding
model: an atom was imagined as a diffuse sphere of positive charge, roughly the size of the whole
atom, with negatively charged electrons embedded in it like plums in a pudding. This model predicted
that the positive charge — and therefore the mass — of an atom was spread out fairly uniformly.

In 1909, Hans Geiger and Ernest Marsden, working under Ernest Rutherford, fired a narrow
beam of fast, positively charged alpha particles (o, essentially bare helium nuclei) at an extremely
thin sheet of gold foil (only a few hundred atoms thick) and recorded where the particles landed on
a surrounding fluorescent screen.

gold foil
rare large-angle |

deﬂecﬁg&\ =!

Y

Y
Y

most « particles:
undeflected

Y

Y
Y

Y
Y

source of « particles

Rutherford’s gold-foil experiment: a beam of « particles is fired at a thin gold foil. Most pass straight through; a few
deflect through small angles; a very small fraction bounce back through angles greater than 90°.

The observations, and their interpretation, were:

e Most « particles passed straight through the foil with little or no deflection — most of the atom’s
volume must be empty space.

¢ A small number deflected through moderate angles — they passed relatively close to a concen-
tration of positive charge.

e A very small fraction (roughly 1 in 8000) bounced almost straight back, through angles greater
than 90° — an outcome the plum-pudding model could not explain at all, since a diffuse charge
distribution could never exert a large enough force on a fast, massive a particle to reverse its
path.
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Rutherford concluded that an atom must contain a tiny, extremely dense, positively charged
nucleus at its centre, carrying essentially all of the atom’s mass, surrounded by mostly empty space
through which much lighter electrons orbit. Only a head-on (or near head-on) approach to this con-
centrated charge could produce the strong electrostatic repulsion needed to reverse an « particle’s
path. This is the nuclear model of the atom.

Khai niém cét 16i

The Rutherford scattering experiment is a classic example of using a scattering probe to infer
the internal structure of something too small to see directly: the pattern of deflections (mostly
none, occasionally large) reveals that the atom’s positive charge and mass are concentrated in
a volume many thousands of times smaller than the atom itself.

- GIAI THICH TIENG VIET
Thi nghiém tan xa hat « cta Rutherford (b3n hat a vao 14 vang méng) 1a bang chirng thuc
nghiém quan trong nhat cho mé hinh hat nhan nguyén t&r. Diém mau chét can nhé: da sé hat
« xuyén thang qua (nguyén tr chti yéu 1 khoang khong rong), nhung mét sé rat it bat nguwoc
trd lai — diéu mé hinh "mdt nho” (plum-pudding, dién tich dwong dan trai déu) khong thé giai
thich duoc. Tir d6 suy ra: dién tich dwong va gan nhu toan bd khéi lwgng nguyén tir tap trung
& moét hat nhan rat nho va rat dic ¢ tam.

5.1.2 Estimating Nuclear Size: Closest-Approach Distance and Nuclear Radius

Additional Higher Level (AHL) content.

The scattering data from the Rutherford experiment can be pushed further than a purely qual-
itative conclusion: it can be used to place a quantitative bound on the size of the nucleus itself.
Consider an « particle fired directly, head-on, at a nucleus. As it approaches, the repulsive Coulomb
force continuously decelerates it, converting kinetic energy into electric potential energy, until — at
some closest-approach distance d — the « particle is momentarily at rest and all of its initial kinetic
energy has become electric potential energy, before it is repelled straight back out along its incoming
path.

Equating the « particle’s initial kinetic energy to the Coulomb potential energy at closest ap-
proach (using Coulomb’s constant £ = 8.99 x 109 N - m2/C2, with the « particle carrying charge
+2e and the nucleus +Ze):

k(2¢e)(Ze)

2k Ze?
KE = ——~= d= .
e d - KE,

Because this calculation assumes only the (long-range) Coulomb force acts throughout the
approach, the true nuclear radius R must satisfy R < d: if the « particle actually reached the
edge of the nucleus, the additional attractive strong nuclear force would alter the trajectory
and the purely-Coulomb prediction would break down. So d, calculated this way, is only an
upper bound on the nuclear radius.

Vi du mAu - Closest-approach distance for a gold nucleus

An « particle with kinetic energy 5.0 MeV is fired head-on at a gold nucleus (Z = 79). Calculate
the closest-approach distance.

KE, =5.0x10° x 1.60 x 107!? = 8.00 x 1073 J.
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g 2kZe*  2(8.99 x 107)(79)(1.60 x 1071)%  2(8.99 x 10%)(79)(2.56 x 1028)
~ KE, 8.00 x 1013 B 8.00 x 1013 ‘
3.64 x 10726 1

This is roughly six times larger than the actual radius of a gold nucleus (~ 7 fm, from the formula
below) — confirming that 5.0 MeV « particles never actually reach the nucleus; they are turned
back purely by the long-range Coulomb force well before the short-range strong force could
ever come into play. This is exactly how the very short range of the strong nuclear force was
first inferred: pure Rutherford (Coulomb) scattering, with no deviations, is observed right down
to gaps of a few tens of femtometres.

Independent measurements (for instance, using high-energy electron diffraction, which can probe
distances smaller than typical a-particle closest-approach distances) show that nuclear radius fol-
lows a simple empirical pattern.

R=RyA'Y3, Ry~12fm=12x10"""m.

Since nuclear volume « R? x A, and nuclear mass is also (very nearly) proportional to A,
nuclear density p = comes out approximately the same for every nuclide, regardless

mass

. . volume . ) .
of size — as if every nucleus were built from incompressible nucleons packed together at one
universal density.

Vi du mAiu - Radius and density of a uranium-238 nucleus

Estimate the radius and the density of a uranium-238 nucleus (A = 238, mass ~ 238 u).
Radius:

R = RyAY? = (1.2 x 1071%)(238)1/3 = (1.2 x 1071%)(6.20) = 7.44 x 107> m.

Volume: . A
V= §7TR3 = §7T(7.44 x 10719)3 = 1.73 x 107*2 m3.
Mass:
m = 238 x 1.66 x 10727 = 3.95 x 1072° kg.
Density:

~m _ 3.95x 102

PV T 1mxi0=

This is an extraordinary density — comparable to the density inside a neutron star (E.5) — and

it is essentially the same value obtained for any nuclide, light or heavy, confirming R < A'/3. It

also puts the earlier Rutherford scattering result in perspective: virtually all of an atom’s mass

is packed into a volume that occupies only about one part in 10'° of the atom’s total volume,
the rest being the near-empty space occupied by the diffuse electron cloud.

= 2.3 x 1017 kg/m°.

() L6i thuong gip: Khodng cach tién gan nhat d tinh tir bao toan ning lwgng Coulomb chi la
gidi han trén cta ban kinh hat nhan (R < d), khong phai gia tri chinh xac ctia R — vi phép tinh
gia dinh luc Coulomb tac dung sudt qua trinh, trong khi trén thuc té néu hat « téi da gan, luc
hat nhan manh (hat, tam ngén) sé can thiép. Ngoadi ra, khi tinh R = R,A'/3, nh& 13y cén bac
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ba cta A (khéng phai binh phuong) — day 13 16i bAm may tinh rat hay gap.

GIAI THICH TIENG VIET
Tur bdo toan nang luong (déng nang ban dau cha hat a chuyén hét thanh thé ning Coulomb
tai khoang cach tién gan nhat d), ta udc lugng duoc gidi han trén cta ban kinh hat nhan:
d = 2kZe?/KE,,. Do dac doc 1ap (VD nhiéu xa electron ning luong cao) cho cong thirc ban
kinh hat nhan thuc nghiém R = RyA'Y/3 véi R, ~ 1.2 fm — vi thé tich ti [é v&i A giéng nhu
khéi lrgng, mat dé hat nhan gan nhu khéng déi véi moi nguyén t6, ¢& 1017 kg/m® — mét con
s6 khéng 16, cho thay nguyén t&r chi yéu 13 khoang khéng rong.

5.1.3 Atomic Notation, Nuclides, and Isotopes
A nucleus is described completely (in terms of its composition) by two integers:

e the atomic number Z — the number of protons in the nucleus (equal to the number of electrons
in a neutral atom, and what determines the chemical element);

¢ the mass number A — the total number of nucleons (protons plus neutrons) in the nucleus.

The neutron number is then N = A — Z. A specific combination of Z and N is called a nuclide, and
is written in nuclide notation as

14X

7 9

where X is the chemical symbol of the element (which is itself already determined by Z, so the
subscript Z is sometimes omitted).

A=Z+N, N=A-2Z.

Isotopes of an element share the same Z (same number of protons, hence the same chemical
identity) but differ in IV (and therefore in A and in mass). Isotopes of the same element have
essentially identical chemical behaviour but different nuclear stability, mass, and (if unstable)
decay properties.

Vi du mAu - Nuclide notation and isotopes

Carbon has three naturally occurring isotopes with mass numbers 12, 13, and 14. Carbon’s
atomic number is Z = 6. Write the nuclide notation for each, and state the number of neutrons
in each.

For all three, Z = 6 (that is what makes them carbon). Using N = A — Z:

§2C: N =12 — 6 = 6 neutrons.

§3C: N =13 — 6 = 7 neutrons.

$3C: N = 14—6 = 8 neutrons (this is the unstable isotope used in radiocarbon dating, discussed
in E.3).

All three have identical chemistry (six protons = six electrons in the neutral atom = identical
bonding behaviour), but different masses and different nuclear stability.

Vi du mau - Relative atomic mass from isotopic abundance

Naturally occurring chlorine consists of two stable isotopes: chlorine-35 (mass 34.97 u, natural
abundance 75.8%) and chlorine-37 (mass 36.97 u, natural abundance 24.2%). Calculate the
relative atomic mass of chlorine, as it would appear on a periodic table.
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The relative atomic mass is the abundance-weighted average of the isotopic masses:
m = (0.758)(34.97) + (0.242)(36.97) = 26.51 + 8.95 = 35.45 u.

This matches the standard periodic-table value for chlorine (35.45 u) — a value that does not
correspond to any single, actual chlorine nucleus, but to the statistical mixture of isotopes
found in nature.

Isotopic masses and relative abundances of this kind are measured using a mass spectrometer:
a sample is first ionized (electrons removed to create positive ions), then the ions are accelerated
through a fixed potential difference and passed through a magnetic field. Because the magnetic
force provides the centripetal force for circular motion, ions follow a circular path whose radius de-
pends on their mass-to-charge ratio (r = muv/(¢B), larger mass giving a larger radius for otherwise
identical ions) — so ions of different isotopes, having been accelerated to different speeds by the
same potential difference (since qV = %va) but carrying the same charge, separate onto differ-
ent circular paths and can be detected and counted individually, revealing both the precise isotopic

masses and their relative abundances in the original sample.

(1) L6i thuong gap: DBirng nham 1an s6 khéi A (t6ng s6 proton + neutron, gan bang khéi luong
nguyén tlr tinh theo u) vai s6 hiéu nguyén tir Z (chi s6 proton, quyét dinh nguyén té hoa hoc).
Khi can bang mét phuong trinh hat nhan, luén kiém tra riéng biét téng A hai vé va téng Z hai
vé& — chlng phai bang nhau ddc 1ap vé&i nhau, khéng duoc cdng gop.

5.1.4 Emission and Absorption Line Spectra

When a gas at low pressure is excited (for example, by an electric discharge) and the emitted light
is passed through a spectrometer, the result is not a continuous rainbow but a series of sharp, dis-
crete bright lines at specific wavelengths — an emission line spectrum. Every element produces its
own unique pattern of lines, acting as a kind of fingerprint. Conversely, if white light (a continuous
spectrum) is passed through a cool sample of the same gas, dark lines appear at exactly the same
wavelengths — an absorption line spectrum.

(energy levels not to scale)

n=3 i N Ja2
hfs1
\ 4 \ 4

hfa

Y
n=1

A simplified atomic energy-level diagram. An electron dropping from a higher level to a lower one emits a single photon
whose energy exactly equals the gap between the two levels, £ =hf=FE,—-E;.

photon

This pattern is explained by assuming that electrons in an atom can only occupy certain discrete,
quantized energy levels F,, E,, E,, ... — never any energy in between. When an electron falls from
a higher level E; to a lower level Ey, it emits a single photon carrying away exactly the energy
difference; when an atom absorbs a photon, that photon must supply exactly the energy needed to
lift an electron from one allowed level to another (or the photon is not absorbed at all).
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h ..
=hf = 70 =E, - E; (emission, E; > E).

Because the set of allowed levels { £, } is different for every element, the set of possible transi-
tion energies — and therefore the set of spectral-line wavelengths — is unique to each element.
A photon is absorbed only if its energy exactly matches some allowed transition energy of the
absorbing atom; otherwise it passes straight through.

E

photon

This principle underlies essentially all of astrophysics: starlight, having passed on its way to us
through the cooler outer layers of a star's own atmosphere, arrives with a pattern of dark absorption
lines superimposed on its continuous spectrum. Matching the wavelengths of these lines against
the known laboratory spectra of different elements reveals exactly which elements are present in
a star's atmosphere — this is, in fact, the only practical way of determining what distant stars are
made of. The same spectral lines also reveal a star’s motion: if a star is moving away from (or toward)
Earth, every line in its spectrum is shifted very slightly toward longer (or shorter) wavelengths by the
Doppler effect, so precisely measuring this shift, relative to the known laboratory wavelength of a
recognized spectral line, gives the star’s velocity along the line of sight.

- GIAI THICH TIENG VIET
Quang phé vach (phat xa ho3c hap thu) 1 bang chirng truc ti€p cho thay electron trong nguyén
tlr chi ton tai & cac mirc nang luwong roi rac, khong lién tuc. Khi electron nhay tir mlrc cao
xuéng murc thap, né phat ra ding mét photon c6 ning lugng bang chinh xdc hiéu hai mdic
(E = hf = E; — E;) — khéng nhiéu hon, khéng it hon. Vi mdi nguyén t6 c6 mot bé mirc ning
luwong riéng, mdi nguyén t6 cho mét "van tay quang phé” duy nhat — day 1a nguyén ly dung dé
nhan dién thanh phan hoa hoc clia cic ngodi sao xa xoi.

5.1.5 The Bohr Model of Hydrogen

Niels Bohr proposed a specific quantitative model for the hydrogen atom (one proton, one electron)
in which the electron’s allowed energy levels are given by a simple formula, labelled by a positive
integern = 1,2, 3, ... called the principal quantum number.

13.6 eV
E,=———— n=123,..
n = 1 is the ground state (lowest, most negative energy, F;, = —13.6 eV); higher n are excited

states, with energies approaching 0 as n — oo. The negative sign reflects that the electron
is bound to the nucleus: energy must be supplied to move it to a higher level or to remove
it entirely. The ionization energy from level n is the energy required to remove the electron

13.6 eV
= 3:526 ; for the ground state,

from level n out to n = co (where E__ = 0),i.e. I[E, = —F,,
IE, = 13.6 eV.

Vi du mAu - The first line of the Balmer series

Calculate the energy and the wavelength of the photon emitted when a hydrogen atom'’s elec-
tron falls from n = 3 to n = 2 (the first, longest-wavelength line of the Balmer series, histori-
cally labelled Ha). State which region of the spectrum this lies in.

Step 1 — level energies.

13. 13. 13. 13.
3.6 —_ﬁ:_1,511 eV, E, = 3.6 ——ﬁ:—3.400 eV.

E,=—"—"—" — —_— =
3 32 9 22 4
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Step 2 — photon energy.

E

‘photon

= Ey — Ey = —1.511 — (—3.400) = 1.889 eV.

Step 3 — convert to joules and find wavelength.

B hoton = 1.889 X 1.60 x 107 = 3.022 x 10719 J.
. 10734)(3. 108) 1. 1072°
re e (6:63x10 )<3(_)?9X 0%) _ 1989 x 0_19 — 6.58 x 107 m = 658 nm.
B hoton 3.022 x 10 3.022 x 10

This wavelength lies in the red part of the visible spectrum — this is indeed the well-known red
Ha line seen in hydrogen emission spectra (and in the light from many astronomical nebulae).

Vi du mAu - lonization energy from an excited state

A hydrogen atom is already in its first excited state (n = 2). Find the energy and wavelength
of the photon that would just barely ionize it from this state.

The electron must be lifted fromn = 2ton = oo (E,, = 0):
E=0—FE,=0—(—3.400) = 3.400 eV = 3.400 x 1.60 x 1079 = 5.44 x 10719 J.

he 1989 x 1072°
= — = = 3. 1 =7 = .
A T 514 1019 3.66 x 107" m = 366 nm

This photon (energy 3.40 eV, wavelength ~ 366 nm) lies in the near-ultraviolet — any photon
of at least this energy (i.e. wavelength 366 nm or shorter) can ionize a hydrogen atom already
sitting in n = 2, since above the ionization threshold the electron is free and can carry away
any excess energy as kinetic energy.

Combining the level formula with £, ,,,, = E; — E gives a general expression for the energy
of any hydrogen transition, and the full set of hydrogen spectral lines is traditionally grouped into
named series, according to the lower level n, the electron lands on:

1 1
E —136eV | = — = |, >
photon (n% n?) n; >Ny

Series Lower level n, Spectral region Example line

Lyman 1 ultraviolet n=2-—1:102eV
Balmer 2 visible n=3—2:1.89 eV (Ha, 658 nm)
Paschen 3 infrared n=4— 3:0.66 eV

Only the Balmer series lies (partly) in the visible range — this is precisely why it was the first series to
be discovered and catalogued (in 1885, decades before the Bohr model existed to explain it), while
the Lyman series (higher energy, shorter wavelength) and the Paschen series (lower energy, longer
wavelength) both lie outside human vision.

(!) Léi thuong gap: Nang lugng mirc E,, ludn am (electron b lién két), nén khi tinh ning lugng

photon phat xa/hap thy, hay ldy hiéu E; — E; moét cach can than theo ding dau — cach an
toan nhat |a ludn |3y gia tri tuyét doi cda hiéu hai mirc 1am ndng lugng photon, vi photon luén
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mang nang luong duong. Mét 16i phé bién khac: nham n (s6 lwgng tir chinh, s6 nguyén) véi N
(s6 neutron) — hai ky hiéu hoan toan khac nhau xuat hién trong cung chuong nay.

GIAI THICH TIENG VIET
M6 hinh Bohr cho nguyén tir hydro: E,, = —13.6eV/n?. Trang thai ca ban n = 1 c6 nang lugng
thap nhat (dm nhat); nang lvgng ion hoa tir mirc n la —E,, (ndng lugng can dé dua electron
ran = oo, noi E = 0). Khi electron chuyén murc, nang lwong photon phat ra/hap thu ding
bang hiéu hai mirc — dung cdng thirc ndy dé tinh budc séng vach quang phé (E = he/)\). Day
Balmer (electron roi vé n = 2) cho cac vach trong viing anh sang nhin thay; day Lyman (roi vé
n = 1) nam trong vung tr ngoai.

5.1.6 Bohr'’s Postulate: Quantization of Angular Momentum

Additional Higher Level (AHL) content.

Bohr's energy formula was not simply fitted to match the observed hydrogen spectrum — it
followed from a single new postulate added to an otherwise classical picture of an electron orbiting
the nucleus. Classically, an orbiting electron continuously accelerates (its velocity direction is always
changing), and an accelerating charge should continuously radiate electromagnetic energy; a classi-
cal electron should spiral into the nucleus within a fraction of a second, and stable atoms should not
exist at all. Bohr's resolution was to postulate that an electron can occupy only those circular orbits
for which its orbital angular momentum equals a whole-number multiple of a fixed unit, h/(27):

Bohr's quantization postulate:

myur =n n=123,..

%7
While in one of these allowed ("stationary”) orbits, the electron does not radiate energy, re-
gardless of classical expectations — radiation is emitted or absorbed only during a transition
between two allowed orbits. Combining this postulate with Newton’s second law applied to
circular motion (the Coulomb attraction supplying exactly the centripetal force) allows both
the allowed orbital radii and the allowed energies E, = —13.6 eV/n? to be derived from first
principles, rather than simply read off the spectrum.

A satisfying physical justification for why angular momentum should be quantized in exactly this
way came only a decade later, from de Broglie's hypothesis (E.2): if the orbiting electron is pictured as
a standing wave wrapped around the nucleus, then a stable orbit requires the orbit’s circumference
to contain a whole number of de Broglie wavelengths A = h/(m_ v), i.e. 2rr = nA. Substituting
A = h/(m,v) immediately reproduces Bohr’s postulate, m_ vr = nh/(27) — showing that Bohr’s
ad-hoc quantization rule is really just the wave nature of the electron expressing itself as a standing-
wave condition.

Vi du mau - Checking the standing-wave picture for the n = 1 orbit

The radius of the n = 1 (ground-state) orbit in the Bohr model of hydrogen is r; = 5.29 x
10~ m (the "Bohr radius”), and the electron’s kinetic energy in this orbit is 13.6 eV. Find the
electron’s de Broglie wavelength in this orbit, and compare it with the orbit’s circumference.

Speed from kinetic energy:

2KE  [2(13.6 x 1.60 x 107
KE=1ima? = v= :\/(36X C0X1077) _ /378 % 1072 = 2.10 x 10° ms.
m, 9.11 x 1021
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De Broglie wavelength:

h 6.63 x 1034
A= o —3.33x 10710 m.
m.o (9.1 x 10-31)(2.19 x 109) 8 m

e

Orbit circumference:
27y = 2m(5.29 x 107) = 3.32 x 1070 m.,

The de Broglie wavelength and the orbit circumference agree to within rounding error — ex-
actly one full electron wavelength fits around the n = 1 orbit, confirming the standing-wave
picture.

GIAI THICH TIENG VIET
mEié\ thuyét Bohr: m6-men dong luong cla electron trong quy dao chi nhan cac gia tri roi rac
myvr = nh/(2r) — day chinh 13 diéu kién khi€n nang lugng bi lugng tir hod, chir khong phai
mot gia dinh tuy tién. De Broglie (muc E.2) giai thich duoc vi sao lai nhu vay: néu xem electron
la séng dirng quan quanh hat nhan, chu vi quy dao phai chira ding mét sé nguyén lan budéc
song de Broglie (2 = n)) — thay A = h/(m_v) vao cho ding ngay diéu kién cta Bohr. Day la
moét vi du dep cho thay hai y twdng tudng nhu doc 1ap (Bohr va de Broglie) thuc ra 1a mot.

5.2 E.2 Quantum Physics (AHL)
This content is assessed at Additional Higher Level (AHL) only.

5.2.1 The Photoelectric Effect

When light of sufficiently high frequency shines on a clean metal surface, electrons — called photo-
electrons — are ejected from the surface, essentially instantaneously. Careful experiments reveal a
set of observations that classical wave theory (in which light’s energy is spread continuously across
its wavefront, and a wave of any frequency should eventually deliver enough energy given enough
time or intensity) simply cannot explain:

e Emission occurs only above a certain minimum threshold (cutoff) frequency f,, which depends
on the metal; below f,, no electrons are emitted, no matter how intense the light or how long it
shines.

e Above f,;, emission begins with no measurable delay, even for extremely low intensities.

¢ Increasing the intensity of light above f; increases the number of photoelectrons emitted per
second (and hence the photoelectric current), but does not change their maximum kinetic energy.

¢ Increasing the frequency of the light above f, increases the maximum kinetic energy of the pho-
toelectrons.

Einstein explained these results (1905) by proposing that light itself is quantized into discrete
packets of energy called photons, each carrying energy E = hf, and that a single photon interacts
with a single electron, transferring all of its energy to that one electron in one indivisible event. A
minimum energy, the work function ®, is needed to free even the most loosely bound electron from
the metal surface; ® = hf,. Any photon energy in excess of & becomes kinetic energy of the ejected
electron. Electrons emitted from deeper below the surface lose some energy escaping, so there is a
maximum photoelectron kinetic energy, achieved by electrons that were free at the surface itself.
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Einstein’s photoelectric equation:

hf=®+KE,,,,, ®=hf,, KE,,, =¢V,,
where V is the stopping potential — the minimum reverse (retarding) voltage that must be
applied to just stop the most energetic photoelectrons from reaching a collector, reducing the
photocurrent to zero.

KE
KE

frequency f

fo f

KE,, . versus frequency f is a straight line: KE, ... = hf — ®. The gradient is Planck’s constant h (independent of
the metal); the horizontal intercept is the threshold frequency f, = ®/h; the vertical intercept (extrapolated) is —®.

Vi du mau - Work function and stopping voltage of sodium

The threshold wavelength for photoemission from a sodium surface is A, = 540 nm. (a) Find
the work function of sodium, in V. (b) Light of wavelength 400 nm is then shone on the same

surface; find the maximum kinetic energy of the emitted photoelectrons and the stopping
voltage needed to stop them.

c 3.00 x 108
Threshold f i f=—=—"""_ =5, 10 Hz.
(a) Threshold frequency: f, N 540 < 109 5.556 x 10 z
® = hf, = (6.63 x 1073)(5.556 x 1014) = 3.68 x 10719 J = 308 X107y 55 ev
o ' ' 1.60 x 10-19 — =0

(b) Photon energy at 400 nm:

_he 1989 x 107

N T a0x 100 - H9Tx 10719 ) =3.11eV.

KEmax
e
(Since KE,,,,. in eV is numerically equal to V, in volts, this last step needs no unit conversion.)

KE,,, =E—®=311-230=08leV = V,= =0.81V.

(1) L6i thuong gap: Sai lam kinh dién: cho ring ting cudéng do (intensity) anh sang sé lam ting
KE,,,, cia quang electron. Thyc té, cwong do chi quyét dinh s6 lwgng photon dén bé mat
moi gidy (do dé quyét dinh s& electron bat ra méi gidy, tirc dong quang dién), con ning luong
ctia mdi photon — va do d6 K E, ... — chi phu thudc vao tansé f,theo hf = ®+ KE,, . Day
chinh 13 diém ma thuyét song c6 dién that bai va thuyét photon cua Einstein giai thich thanh
cong.
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GIAI THICH TIENG VIET
Hiéu irng quang dién: anh sang c6 tan sé du I&n (trén tan s6 ngudng f,) chi€u vao bé mat kim
loai lam bat electron ra ngay ap tirc. Einstein giai thich bang mo hinh hat photon: méi photon
mang nang luong E = hf va truyén toan bd nang lugng dé cho moét electron duy nhat. Cong
thoat ® = hf, la nang lugng tdi thi€u dé gidi phong electron khoi bé mat; phan nang lugng du
trg thanh déng nang cuc dai KE,,,, = hf — ® = eV,. D6 thi KE, . theo f 1a dudng thang
c6 d6 déc h — day la cach thuc nghiém xac dinh hang s6 Planck.

5.2.2 Wave-Particle Duality and the de Broglie Hypothesis

Light shows unmistakably wave behaviour in phenomena such as interference and diffraction (con-
structive/destructive superposition depends on path-length differences measured in wavelengths),
yet the photoelectric effect shows unmistakably particle behaviour (energy delivered in discrete,
indivisible quanta, one photon per electron). Light is neither purely a wave nor purely a stream of
classical particles: it exhibits wave-particle duality, with the wave description governing propaga-
tion and interference, and the particle (photon) description governing energy exchange with matter.

In 1924, Louis de Broglie proposed that this duality is not unique to light: every moving particle
of matter — electrons, protons, even macroscopic objects — has an associated wavelength.

De Broglie wavelength:

A=—=—.
P mu
This wavelength is the same & that governs photon energy, now linking a particle’s momentum
to a wavelength. For everyday (macroscopic) objects, A is absurdly small and no wave effects
are ever observed; for electrons and other subatomic particles accelerated through typical lab-
oratory voltages, \ can be comparable to atomic spacings, so wave effects (such as diffraction)
become observable. This was confirmed experimentally by Davisson and Germer (1927), who
showed that a beam of electrons fired at a crystal produces a diffraction pattern exactly as a
wave of wavelength A = h/p would.

Vi du miu - De Broglie wavelength of an accelerated electron

An electron, initially at rest, is accelerated through a potential difference of 100 V. Find its de
Broglie wavelength.

Step 1 — kinetic energy gained.

KE = eV = (1.60 x 10719)(100) = 1.60 x 10717 J.

2
Step 2 — momentum from KE = i

om’

p=1+/2m,KE = /2(9.11 x 10-31)(1.60 x 10-17) = v/2.92 x 1047 = 5.40 x 10~2* kg - m/s.
Step 3 — de Broglie wavelength.

_h_ 6.63x10°%

_ —10 1y —
_E_W—l.%)xl(] m = 0.123 nm.

This is comparable to the spacing between atomic planes in a crystal (~ 0.1-0.3 nm), which is
exactly why fast electrons produce measurable diffraction patterns when fired at crystalline
solids.
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. GIAI THICH TIENG VIET

Luéng tinh séng-hat: anh sang vira cé tinh séng (giao thoa, nhiéu xa) vira cé tinh hat (hiéu
ing quang dién). De Broglie m& rong y twdng nay cho moi hat vat chat chuyén déng: budc
s6ng A = h/p = h/(mwv). VG&i vat vi mo (bong, 6 t6...), A nho dén mirc khéng thé quan sat
hiéu (rng séng; vdi electron duoc gia toc qua dién thé ¢ hang chuc-hang trdm volt, A dd 1én
(c& 0.1 nm) dé gay nhiéu xa khi gdp mang tinh thé — day chinh 13 bing chirng thuc nghiém
(Davisson-Germer) xac nhan gia thuyét de Broglie.

The single most striking demonstration of wave-particle duality is the double-slit experiment
performed with particles (electrons, or even large molecules) sent through the apparatus one at a
time. Each individual particle is detected on the far screen as a single, localized point of impact —
unmistakably particle-like behaviour, with no sign of the particle "splitting” between the two slits. Yet
after a great many individual particles have been detected, the accumulated pattern of impact points
builds up the same bright-and-dark interference fringe pattern produced by a wave passing through
both slits simultaneously. Neither a purely classical particle picture (which predicts no interference
at all) nor a purely classical wave picture (which cannot explain the single, sharp detection points) can
account for both observations together — only the quantum-mechanical description, in which each
particle’s probability of arriving at a given point is governed by a wave, reproduces the full pattern.

Khai niém cot 16i

The double-slit experiment, run one particle at a time, cannot be resolved by saying "each
particle is really a wave” or "each particle is really a tiny ball” — it requires both descriptions
together: the particle is detected as a localized point (particle behaviour), but the statistical
distribution of many such detection points builds up an interference pattern governed by a
wave (wave behaviour). This is the essence of wave-particle duality at its sharpest.

5.2.3 Heisenberg's Uncertainty Principle

Classically, it is assumed that a particle’s position and momentum can, in principle, both be measured
to arbitrary precision simultaneously. Quantum mechanics shows this assumption to be false: there
is a fundamental, unavoidable trade-off between how precisely position and momentum can both
be known at once — not because of clumsy measuring instruments, but as a basic property of nature
arising from wave-particle duality itself (a wave packet localized to a small region of space necessarily
contains a spread of wavelengths, and hence of momenta).

Heisenberg’s uncertainty principle (position-momentum form, IB data-booklet form):
h
AxAp > —.
47

An analogous relationship links energy and time:

AEAL> L
4
The energy-time form implies that a quantum state that exists for only a short time At (such as
a short-lived excited nuclear state, or a virtual particle in an intermediate step of an interaction)
necessarily has an uncertain, "smeared-out” energy AE — observed experimentally as a finite
natural linewidth in the photon energy emitted when such a state decays, rather than one
perfectly sharp energy.
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Vi du miu - Minimum momentum uncertainty of a confined electron

An electron is confined within a region of size Az = 1.0 x 107! m (roughly the size of an
atom). Estimate the minimum possible uncertainty in its momentum, and in its speed.

Aps P 663x 107%* 6.63 x 107
P=4r Az~ 4n(1.0 x 10-19) ~ 1.257 x 109

Ap 528 x 102

m.  9.11 x 10-31

e

=5.28 x 1072° kg - m/s.

Av > = 5.8 x 10°> m/s.

Evenin principle, an electron confined to atomic dimensions must have an uncertainty in speed
of hundreds of kilometres per second — this is why electrons in atoms cannot be thought of as
sitting still at a definite point, and why atoms do not collapse: confining the electron further
(smaller Az) would only increase Ap, and hence its kinetic energy.

Vi du mAiu - Estimating the range of the weak interaction

In particle physics (E.5), forces are carried by exchanged "virtual” particles that briefly violate
energy conservation by an amount AE roughly equal to their rest mass energy, for a time At
consistent with the energy-time uncertainty relation; the maximum distance such a particle
can travel, R ~ cAt, gives a rough estimate of the force’s range. The W boson, which
mediates the weak interaction, has a rest mass energy of about 80 GeV. Estimate the range of
the weak interaction.

AE =80 x 109 x 1.60 x 107 = 1.28 x 1078 J.
b 6.63x10*
T An AE T 4m(1.28 x 10-8)

R~ cAt = (3.00 x 10%)(4.12 x 10727) = 1.2 x 1078 m.

At =412 x 1027 s.

This matches the experimentally observed range of the weak interaction — vastly smaller than
the size of a nucleus — and explains, from the uncertainty principle alone, why the weak force
is so short-ranged: its force carriers are very massive. (By contrast, the massless photon that
carries the electromagnetic force has AE — 0, allowing At — oo and hence an unlimited
range.)

(1) L6i thuong gdp: Nguyén ly bat dinh Heisenberg khong phai 13 gidi han do dung cu do con
tho so, va cling khéng phai néi rang "hanh déng do [dam nhiéu loan hé”. Day la mét tinh chat
ndi tai chia tw nhién & cap doé lugng tir: moét hat khéng thé déng thai cé vi tri va dong luong
xac dinh tuyét déi, bat ké ta do bang thiét bi ly tudng dén dau. Ngoai ra, Az Ap > h/(4) chi
cho gia tri nhé nhat cé thé cua tich hai do bat dinh — khéng phai gia tri chinh xac.

GIAI THICH TIENG VIET
Nguyén ly bat dinh: Az - Ap > h/(47) — khong thé dong thai biét chinh xac tuyét déi ca vi tri
IAn dong lwgng ca mot hat. Dang ning lugng-thdi gian AE - At > h/(4x) gii thich vi sao
trang thai kich thich c6 thai gian séng ngan thi "bé rong” ning luvong (va do do bé rong vach
quang phé phat ra) I6n hon — trang thai séng cang ngan, nang lugng cang "mo”.
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5.2.4 The Particle in a Box and Quantum Tunnelling

Quantization of energy is not a special rule invented only for atoms — it is a general consequence
of confining a wave to a finite region. Consider a particle confined to a one-dimensional "box” of
fixed width L (an idealized model, but a useful one). Just as a wave on a string fixed at both ends
can only support standing waves whose wavelength fits an integer number of half-wavelengths into
the string’s length, a particle confined to a box can only exist in states whose associated de Broglie
wavelength fits a standing-wave pattern within the box. Since A = h/p links wavelength to momen-
tum, and kinetic energy depends on momentum, only certain discrete momenta — and therefore only
certain discrete energies — are allowed. This is, at heart, exactly why atoms (in which an electron
is confined by the attractive pull of the nucleus, rather than by rigid walls) possess discrete energy
levels rather than a continuum: confinement itself forces quantization.

For a particle of mass m confined to an idealized one-dimensional box of width L with im-
penetrable walls, requiring a whole number of half-wavelengths to fit exactly within the box
(L =n\/2,n=1,2,3,...)and combining this with A = h/p and E = p?/(2m) gives the allowed
energy levels:
n2h?
" 8mL?

Energy increases with the square of n (levels spread further apart at higher n) and decreases
sharply as the confining region L grows — a particle confined to a very small region neces-
sarily has a very large minimum (zero-point) energy, exactly the same physical content as the
Heisenberg uncertainty principle applied to a confined particle.

Vi du mau - Ground-state energy of an electron confined to atomic dimensions

Estimate the ground-state (n = 1) energy of an electron confined to a one-dimensional box of
width L = 1.0 x 107'% m, roughly the size of an atom.

1)2h2 6.63 x 10734)2 4.40 x 10767
B = Wh _ (663 x 107) o —6.03 x 10718 J.
8m L2 8(9.11 x 10-31)(1.0 x 10-10)2 — 7.29 x 1050
_ 6.03x107'8

= o _37.76V.
171,60 x 10719 3rre

This simple, idealized model gives a confinement energy of the same order of magnitude (tens
of eV) as the real ground-state energy scale of hydrogen (13.6 €V) — a useful check that con-
finement to atomic-sized regions naturally produces energies in the observed atomic range,
even though the particle-in-a-box model does not use the true (Coulomb) potential energy of
a real atom.

A related and important quantum phenomenon is quantum tunnelling: because a confined parti-
cle’s position is described by a wave function that does not drop instantly to zero at a barrier, there is
a small but nonzero probability of finding the particle on the far side of a potential-energy barrier that
it does not have enough energy to classically climb over. The particle appears to "tunnel through”
the barrier rather than going over it. This is not merely a theoretical curiosity: in E.3 it explains alpha
decay — an « particle confined inside a heavy nucleus is held in by an attractive nuclear-force barrier
that classically it does not have enough energy to escape, yet it has a small but nonzero probability,
per unit time, of tunnelling through and escaping, which is exactly why radioactive decay is described
statistically (as a probability per unit time) rather than as a fixed, predictable moment.

GIAI THICH TIENG VIET
6 hinh "hat trong hop”: khi mot hat bi giam trong moét viung khéng gian hiru han, séng de
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Broglie cia n6 chi cé thé tén tai & nhirng "song dirng” nhat dinh (giéng song trén day dan hai
dau co dinh) — do dé nang luong bi lwong tir hoa. Day chinh la ly do siu xa vi sao nguyén tir
c6 cac mirc nang lugng roi rac: electron bi giam bdi luc hit hat nhan. Xuyén ham luwgng tir
(quantum tunnelling): hat c6 xac suat khac khéng xuat hién & phia bén kia ciia mét "rao thé”
ma theo vat ly cd dién n6 khong du nang luong dé vuot qua — day la co ché giai thich phan ra
alpha (muc E.3).

5.3 E.3 Radioactive Decay

5.3.1 Nuclear Stability and the Band of Stability

Not every combination of protons and neutrons forms a stable nucleus. Plotting neutron number N
against proton number Z for all known stable nuclides reveals a narrow band (or line) of stability:

e For light nuclei (Z < 20), stable nuclides have roughly equal numbers of protons and neutrons
(N ~ 2).

¢ For heavier nuclei, stable nuclides need progressively more neutrons than protons (N > Z, with
the ratio N/ Z rising to about 1.5 near Z = 82, lead). This is because as more protons are packed
into a nucleus, the (long-range) electrostatic repulsion between them grows rapidly, while the
(short-range) strong nuclear force that binds nucleons together only acts between close neigh-
bours; extra neutrons add extra strong-force attraction without adding extra electrostatic repul-
sion, helping to hold the nucleus together.

e Beyond Z = 82 (lead), no combination of N and Z is completely stable — every nuclide with
Z > 82 is radioactive, though some (such as uranium and thorium) decay so slowly that they
persist since the Earth’s formation.

A nuclide lying off the band of stability is radioactive: it undergoes spontaneous radioactive decay,
transforming into a different, more stable nuclide (sometimes after a chain of several successive
decays) by emitting particles and/or energy.

N (neutrons)
A

neutron-rich .
(B~ emitters) ,

/-” band of

/- stability

proton-rich
(Bt emitters)

Z (protons)

Sketch of the band of stability on an N-vs-Z plot. Light stable nuclides cluster near N = Z; heavy stable nuclides need
N > Z. Nuclides above the band are neutron-rich (tend to 5~ decay); nuclides below are proton-rich (tend to 8+ decay
or electron capture).

Within the band of stability, nuclei with certain particular numbers of protons or neutrons —
the magic numbers 2, 8, 20, 28, 50, 82,126 — are noticeably more stable (more tightly bound, more
abundant in nature, and with a larger number of stable isotopes/isotones) than their neighbours.
This mirrors the extra chemical stability of the noble gases, whose electron counts (2, 10, 18, 36, ...)
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correspond to fully closed electron shells: in the nuclear shell model, protons and neutrons indepen-
dently occupy their own quantized energy levels within the nucleus (analogous to electron shells in
the atom), and a magic number corresponds to a completely filled nuclear shell. Nuclei that are magic
in both proton number and neutron number simultaneously (such as helium-4 with Z = N = 2, or
lead-208 with Z = 82, N = 126) are called doubly magic and are exceptionally stable — consistent
with the unusually high binding energy per nucleon already calculated for helium-4 earlier in this
chapter.

GIAI THICH TIENG VIET

Dai bén virng” (band of stability) trén bi€u do6 N theo Z: hat nhan nhe bén khi N ~ Z; hat
nhan nang can N > Z nhiéu hon dé bu lai luc day tinh dién ngay cang 16n gilra cic proton (luc
hat nhan manh chi tac dung & tam gan, con luc ddy Coulomb tac dung & tam xa). Hat nhan nam
ngoai dai nay khéng bén — né sé phan ra phong xa dé "di chuyén” dan vé phia dai bén virng.
Cac "s6 ma thuat” (2, 8, 20, 28, 50, 82, 126) proton hodc neutron tuong (rng v&i I&p vo hat nhan
|ap day (giong khi hi€m bén vé mat hoa hoc) — hat nhan "magic kép” nhu He-4 hay Pb-208 dac
biét bén virng.

5.3.2 Types of Radioactive Decay

There are three principal types of radioactive decay, each governed by the conservation of nucleon
number A, charge (proton number) Z, and mass-energy.

Alpha () decay: the nucleus emits an alpha particle — a helium-4 nucleus, 3He (2 protons + 2
neutrons), tightly bound and therefore relatively easy for a heavy nucleus to eject as a single unit.
The parent’s mass number falls by 4 and atomic number falls by 2:

72X — SAY +3He.

Alpha particles are heavy, slow-moving, and doubly charged, so they interact strongly with matter
and are the least penetrating: they are stopped by a single sheet of paper or a few centimetres of air,
and cannot even penetrate the outer dead layer of human skin (though alpha emitters are dangerous
if inhaled or ingested).

Beta-minus (37) decay: inside a neutron-rich nucleus, a neutron converts into a proton, emitting
a fast electron (the "beta particle”) and an electron antineutrino v, (required to conserve energy,
momentum, and a quantity called lepton number). The atomic number increases by 1; the mass
number is unchanged (a neutron simply becomes a proton, not lost from the nucleus):

24X — A Y +0%e+1, (n — p + e~ + v, at the nucleon level).

Beta particles are much lighter and faster than alpha particles and interact less strongly with matter;
they penetrate paper and skin but are stopped by a few millimetres of aluminium.

Beta-plus (5") decay: inside a proton-rich nucleus, a proton converts into a neutron, emitting a
positron (e*, the electron’s antiparticle) and an electron neutrino v,. The atomic number decreases
by 1; the mass number is unchanged:

QX — ZA_1Y + 316 + v, (p = n+ e + v, at the nucleon level).

(8™ decay occurs only for proton-rich nuclides, and only when energetically allowed; it competes
with a related process, electron capture, not required in detail here.)

Gamma () decay: after an « or 3 decay (or other nuclear process), the daughter nucleus is often
left in an excited nuclear energy state. It then drops to a lower nuclear energy state by emitting a
high-energy photon, a gamma ray. Neither A nor Z changes:

Q‘X* — §X+'y.

Gamma rays are uncharged, massless photons, and are by far the most penetrating: several centime-
tres of lead (or a metre or more of concrete) are needed to substantially reduce their intensity.
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Type Emitted Changein (A, 7) Stopped by

« 3He nucleus A—4, Z-—2 paper / few cm of air
8- electron + v, A unchanged, Z+1 few mm of aluminium
B* positron + v, A unchanged, Z7—1 few mm of aluminium

~ high-energy photon A, Z unchanged cm of lead / m of concrete

Vi du mau - Writing and checking nuclear decay equations

Write balanced nuclear equations for: (a) the alpha decay of polonium-210, (b) the beta-minus
decay of potassium-40, (c) the beta-plus decay of carbon-11. In each case verify that A and Z
are conserved.

(a) Po has Z = 84. Alphadecay: A — A —4 =206, Z — Z — 2 = 82 (lead):
219Po — 206Pb + jHe.

Check: A: 210 =206 +4 v'. Z: 84 =82+ 2 V.
(b) K has Z = 19. Beta-minus decay: A unchanged = 40, Z — Z + 1 = 20 (calcium):

40 40 0 >
oK — 50Ca+2e+v,.

Check: A: 40=40+0+0v. Z:19=20+(—1)4+0 V.
(c) C has Z = 6. Beta-plus decay: A unchanged =11, Z — Z — 1 = 5 (boron):

11 11g 4 0
¢C — 5B+letr,.

Check: A: 11 =114+0+0Vv.Z:6=5+1+0V.

(') L6i thuong gip: Trong phan ra 5~ va 81, dirng quén hat (phan) neutrino — du gan nhu
khéng khai lugng va cuc khé phat hién, né van bat budc phai xuat hién trong phuong trinh dé
bdo toan nang luong, dong luong, va sé lepton. M6t 16i khac thudng gip: nham chiéu thay
déi Z gilra 3~ (Z ting — neutron thanh proton) va 5+ (Z giam — proton thanh neutron); hay
nh& tén goi "3/ chi dién tich clia hat phat ra, khéng phai chiéu thay déi ctia Z.

GIAI THICH TIENG VIET

a loai phan ra chinh: Alpha (phat hat nhan He-4, A gidm 4, Z gidm 2, dam xuyén yéu nhat);
Beta trir (neutron — proton +e~ + v, Z tang 1, A khong doi); Beta cdng (proton — neutron
+et + v, Z gidm 1, A khong dé&i); Gamma (hat nhan kich thich phat photon nang luwgng cao,
A, Z khéng d6i). Luén bao toan sé khéi A va dién tich Z & hai vé phuong trinh.

5.3.3 Energy Sharing in Alpha Decay

Alpha decay is a two-body process: a parent nucleus, essentially at rest, splits into exactly two
products — the daughter nucleus and the o particle. Momentum conservation then requires these
two products to recoil in exactly opposite directions with equal-magnitude momenta, p, = pp.
Combined with conservation of energy (the total decay energy Q released is shared between the
two kinetic energies), this two-body kinematics completely fixes exactly how much kinetic energy
each product receives — every «a particle emitted in a given decay carries the same, single, discrete
kinetic energy. This is why measured «-particle energies from a given source form sharp, discrete
lines (useful for identifying the emitting isotope), unlike the beta particles discussed next.
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2

. p
Usin =ppand KE = —:
KE
a _ "D - KEQ:Q-L, KED:Q.L_
KE, m, mp +mg mp +mg

Because the daughter nucleus is always far more massive than the « particle, it carries away
only a small fraction of ) as recoil kinetic energy; the « particle carries away most of it.

Vi du mAau - Sharing the decay energy between alpha particle and daughter nucleus

Radium-226 decays to radon-222 by alpha emission, releasing a total decay energy
Q) = 4.87 MeV. Using mass numbers as a proxy for mass ratios (m ~ 222, m, ~ 4, in atomic
mass units), find the kinetic energy of the emitted « particle and of the recoiling radon nucleus.

9299
LD 487 x 252 — 4.87 % 0.9823 = 4.78 MeV.
mp + m, 226

KEp,=Q—KE, =487—4.78 = 0.09 MeV.

KE, =Q

[e%

Consistent with the general pattern: the light « particle carries away about 98% of the released
energy, while the much heavier daughter nucleus recoils with only a small fraction.

GIAI THICH TIENG VIET

han ra alpha la qua trinh hai vat: hat nhan me (dirng yén) tach thanh hat nhan con va hat o,
bay ra nguoc chiéu nhau véi dong lugng bang nhau vé dd 16n (bao toan déng luong). Diéu
nay khién dong nang phan b6 theo ti lé c6 dinh KE,/KE, = mp/m, — hat a nhe hon nhiéu
nén mang phan I&n nang luong toa ra, va moi hat o tlr cing mét phan ra déu cé cung mét mirc
nang lwong duy nhat (phé nang luong rdi rac).

5.3.4 The Continuous Beta Spectrum and the Neutrino

Beta decay tells a very different story. If 3~ decay were also a simple two-body process (nucleus —
nucleus + electron), the same momentum-conservation argument used for alpha decay would pre-
dict a single, discrete beta-particle energy. But careful measurements in the early twentieth century
showed that beta particles from a given source are emitted with a continuous range of kinetic ener-
gies, from zero up to some well-defined maximum — not a single discrete value. Taken at face value,
this appeared to violate conservation of energy, and briefly caused real concern among physicists
about whether energy conservation held exactly at the nuclear scale.

In 1930, Wolfgang Pauli proposed a resolution that preserved the conservation laws: beta decay
is not a two-body process but a three-body process, with the energy shared among the nucleus, the
electron, and a third particle — extremely light, electrically neutral, and interacting only extremely
weakly with matter — later named the neutrino (Fermi) and now understood, in 5~ decay, to be
an antineutrino v,. With three products sharing a fixed total energy, the energy carried by any one
of them (such as the beta particle actually detected) can take a continuous range of values, exactly
matching what was observed. The neutrino itself proved so weakly interacting that it was not directly
detected until 1956 — over a quarter of a century after Pauli’s proposal — since the overwhelming
majority of neutrinos produced anywhere pass straight through the entire Earth without a single
interaction.

- GIAI THICH TIENG VIET
Phé nang lugng cla hat 5 (khac han hat «) 1a lién tuc ch&r khéng r&i rac — vi phan ra g thuc
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chat 1a qua trinh ba vat (hat nhan con 4+ electron + neutrino/phan neutrino), nang lugng toa
ra dugc chia theo ti 1é khac nhau gitra ba hat trong méi [an phan ra. Day chinh la ly do Pauli
dé xuat su tén tai ctia neutrino nam 1930 — dé ciru dinh luat bao toan nang lwong — du hat
nay mai dén nam 1956 méi dugc phat hién truc ti€p, vi nd tuong tac cuc yéu véi vat chat.

5.3.5 The Radioactive Decay Law

The decay-constant/exponential treatment below is Additional Higher Level (AHL) content; at Standard Level, half-
life is used only via graphs or successive halvings.

Radioactive decay is a random process at the level of an individual nucleus — it is impossible
to predict exactly when any one nucleus will decay — but for a large sample, the rate of decay is
entirely predictable: at any instant, the number of decays per unit time is proportional to the number

. dN . -
of undecayed nuclei present, = AN, where )\ is the decay constant (probability of decay per
nucleus per unit time, units s~!). Solving this differential equation gives exponential decay.

N(t) = Nye™, A(t) = AN(t) = Age ™,

. . . dN . .
where N, is the initial number of undecayed nucleiand A = AN = ——— is the activity (number

of decays per second), measured in becquerels (Bq); 1 Bq = 1 decay/s. Both N and A decay
with the same exponential form and the same decay constant .

The half-life T is the time for the number of undecayed nuclei (or the activity) to fall to half
its initial value. Setting N = N /2 att =T ,:

No

In2

1

Every successive half-life halves whatever quantity remained; after n half-lives, N = N,(1/2)",
regardless of how large or small IV, was to begin with.

g 0 5 ,,,,,,,
2,
025 F------- A ‘
0 1 1 1 1 1
0 1 2 3 4 5
time ¢ (in units of T1/2)

The exponential decay curve N /N, = (1/2)"/71/2 = e~**: each successive half-life halves the remaining quantity,
regardless of the starting amount.

Vi du mAu - Activity after a given time

A radioactive sample has an initial activity of 1.20 x 106 Bq and a half-life of 6.0 hours. Find (a)
its decay constant, (b) its activity after 15.0 hours.
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(a)
_In2  0.6931

(b) 15.0 hours corresponds to 15.0/6.0 = 2.5 half-lives, so

A —0.1155 hr .

2.5
A=A, (;) = (1.20 x 10%)(0.1768) = 2.12 x 10° Bq.

(Check via the exponential form: A = Aje ™™ = (1.20 x 100)e= (011591500 — (1,20 x
105)e=1733 = (1.20 x 10%)(0.1768) = 2.12 x 10° Bg — the same answer, as it must be.)

Vi du mAu - Finding the half-life from activity data

The activity of a radioactive source falls from 360 Bq to 45 Bq over 24 minutes. Find the decay
constant and the half-life.

45
A=A —At — o—A(24) 125 = 724>\.
0€ = 360 € = 0.125 =e
IN(0.125) = =24\ = —2.079 = —24\ = X = 0.0866 min~".
In2 .6931 .
Ty = nT = % = 8.0 minutes.

(Sanity check: 360 — 180 — 90 — 45 Bq is exactly three halvings, i.e. 3T} , = 24 min = T} ), =
8.0 min — matching the calculation exactly.)

(1) L6i thwong gip: A va P phai dung cung don vi thdi gian nhat quan trong suét bai toan
(giay, phat, gi®, ndm...) — trén 1an don vi 13 16i tinh toan phé bién nhat trong dang bai nay.
Ngoai ra, N(t) = Nye ™ va A(t) = Aje~* c6 cuing hang s6 phan ra A va cung chu ky ban ra
Ty, — khéng dugc nham hai dai lugng N (s6 hat nhan) va A (s6 phan rd/gidy) v6i nhau, du
cung dang ham mdi.

- GIAI THICH TIENG VIET
Dinh luat phan rd phong xa: N(t) = Nye ™, hoat dd A = AN = Aye~ (don vi becquerel, Bq
= s6 phan ra/gidy). Chu ky ban ra T, , = In2/X Ia thoi gian dé N (hoac A) gidm con mét nira
— sau n chu ky ban ra, lugng con lai la Ny(1/2)", bat ké lugng ban dau 1a bao nhiéu. Meo giai
nhanh: néu thoi gian dé cho Ia boi s6 nguyén clia T 5, c6 thé giai bang cach "chia dbi lién tiép”
thay vi dung ham m day da.

5.3.6 Decay Chains

A single decay does not always produce a stable nuclide. Very often, the daughter nucleus is itself
radioactive, and decays again — and again — through a whole sequence of successive decays, called
a decay chain (or decay series), until a stable nuclide is finally reached. The most famous natural
example is the uranium-238 decay series, which begins with o decay and proceeds through more
than a dozen further o and 3~ decays before finally terminating at the stable isotope lead-206.
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Step Nuclide Half-life Decay mode

1 53U 45 x10%yr o
2 234Th 24.1days -
3 231pa 1.2min 3~

: : : : (further o, 5~ steps)
last  295Pb stable -

Because each step of a decay chain has a wildly different half-life — from billions of years down
to seconds — the chain as a whole is dominated by whichever step is slowest. In a long-undisturbed
sample, the chain settles into secular equilibrium: every intermediate nuclide in the chain is produced
(by the decay of the previous member) at essentially the same rate as it decays away, so the activity
contributed by every member of the chain becomes equal, even though each has a wildly different
half-life and a wildly different (much smaller) quantity present at any instant. This is also why old
rocks containing uranium always contain small but measurable traces of every intermediate decay
product, including short-lived ones that are constantly being replenished by the slow decay of the
uranium further up the chain.

. GIAI THICH TIENG VIET

Chudi phan ra: hat nhan con sinh ra sau mét [an phan ra cé6 thé van khéng bén va tiép tuc phan
r3, tao thanh mot chudi nhiéu budc cho dén khi dat hat nhan bén (VD chudi U-238 két thuc
& Pb-206 bén, qua hon chuc budc phan ra a/47). Vi budc cham nhat trong chudi (thudng la
buéc dau tién) quyét dinh téc dé toan chudi, moét mau da c6 chira uranium luén cé mét lwong
nhd, 6n dinh ctia moi sdn pham trung gian — k& ca nhirng déng vi c6 chu ky ban ra rat ngan —
vi chiing lién tuc duoc "bu dap” béi budc phan ra cham phia trudce (trang thai cAn bang thé ky,
secular equilibrium).

5.3.7 Background Radiation, Safety, and Uses of Radioisotopes

Everyone on Earth is continuously exposed to low levels of background radiation from natural
sources, including cosmic rays from space, radioactive isotopes in rocks and soil (notably radon
gas, a dense radioactive gas that can accumulate in poorly ventilated basements and is a significant
contributor to natural background dose), naturally occurring radioisotopes in food and the human
body itself (e.g. potassium-40), and additional exposure from medical procedures (X-rays, nuclear
medicine).

Radiation protection for anyone working with radioactive sources rests on three simple, comple-
mentary principles:

e Time — minimize the time spent near a source, since total dose accumulates with exposure time.

¢ Distance — maximize distance from the source; intensity falls off rapidly with distance (following
an inverse-square law for a point source), so even a modest increase in distance substantially
reduces dose.

¢ Shielding — place appropriate absorbing material (paper/light plastic for a; aluminium for 3; thick
lead or concrete for ) between the source and the body.
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Radiation exposure is quantified using two related but distinct quantities. Absorbed dose D =

bsorbed . . . .
energ)r/naaszor € is measured in gray (Gy), where 1 Gy = 1 J/kg. Equivalentdose H = Dxwy, is

measured in sievert (Sv), where w, is a radiation weighting factor that accounts for the fact that
different types of radiation cause different amounts of biological damage per unit of absorbed
energy: « particles, which deposit their energy extremely densely along a very short track, are
far more biologically damaging per gray than 5 particles or ~ rays of the same absorbed dose
(hence wy & 20 for «, versus wy ~ 1 for 5 and ).

Radioisotopes also have widespread beneficial uses: in medicine, as tracers for diagnostic imag-
ing (e.g. technetium-99m) and as sources for targeted radiotherapy of tumours; in archaeology and
geology, radiocarbon (carbon-14) dating exploits the known, constant decay rate of a naturally oc-
curring isotope to estimate the age of once-living material; and in industry, radioactive sources are
used for thickness/density gauging (measuring how much radiation is absorbed by a moving sheet
of material) and for non-destructive testing of welds and castings.

Vi du miu - Radiocarbon dating

The decay constant of carbon-14 is A = 1.21 x 10~* yr—!. A wooden artifact is found to have
a carbon-14 activity equal to 25% of that found in a living tree of the same species. Estimate
the age of the artifact.

25% = (1/2)?, i.e. two half-lives have elapsed. First find the half-life:

In2 0.6931
T = — = — — = 5730 years.
2= N T 121x104 4

age =2 x T 5 = 2 x 5730 = 1.15 x 10* years.

Vi du m3u - Medical tracer decay

A patient is injected with a radioactive tracer of activity 200 MBq for a diagnostic imaging scan;
the tracer isotope has a half-life of 6.0 hours. Estimate the activity remaining in the patient’s
body after 24 hours (ignoring biological elimination, i.e. considering only physical radioactive
decay).

24 hours = 24/6.0 = 4 half-lives:

Nt 200

A=A,(=)] = — =12.5MBq.
0 (2) 16 5> MBaq

Short-lived isotopes such as this one (comparable to technetium-99m, T/ ~ 6.0 hours, widely

used in nuclear medicine imaging) are deliberately chosen so that the radioactivity delivers a

clear diagnostic signal quickly, then decays away to a small fraction of its initial value within

about a day, minimizing the patient’s total radiation dose.

GIAI THICH TIENG VIET

(rc xa nén tu nhién dén tir tia va tru, khi radon trong dat da, va cac dong vi phdng xa tu nhién
trong co thé/thuc pham. Ba nguyén tic an toan birc xa: gidm thai gian ti€p xuc, ting khodng
cach, dung la chan phu hop. Liéu hap thu (Gray, Gy = J/kg) do ning luong hap thu trén khéi
lugng; liéu twong duong (Sievert, Sv) nhan thém hé s6 trong s birc xa wy, vi hat « gay hai sinh
hoc nhiéu hon han 3/~ véi cung lieu hap thu. Ung dung hitu ich: chan doan/diéu tri y khoa,
xac dinh nién dai bang carbon phéng xa (**C, dya vao T} , = 5730 nam), do do day/mat do vat
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I liéu cong nghiép.

5.4 E.4 Nuclear Fission

5.4.1 Mass-Energy Equivalence and Binding Energy

Careful mass measurements reveal that the mass of any nucleus is always slightly less than the sum of
the masses of its separate, individual protons and neutrons. This missing mass, the mass defect Am,
has literally been converted into the energy that binds the nucleus together, via Einstein’s mass-
energy equivalence:

Am = [Zmp + Nmn] - Mnucleus’ Ebinding = Am 62‘

Because nuclear mass differences are tiny, it is far more convenient to work in atomic mass
units (u), using 1 u = 931.5 MeV/c?: then E;, 4., (MeV) = Am (u) x 931.5. The binding
energy Ey;,4in, IS the energy that would be required to completely separate a nucleus into
its individual, free nucleons (equivalently, the energy released when the nucleus is assembled
from separate nucleons). The binding energy per nucleon, E,;, ...,/ A, measures how tightly,
on average, each nucleon is held — it is the standard measure of nuclear stability, allowing fair
comparison between nuclei of very different sizes.

peak near Fe/Ni (A ~ 56-60)

nuclei: heavy nuclei:
leases energy fission releases energy

binding energy per nucleon (MeV)

0 20 56 100 140 180 235
mass number A
Binding energy per nucleon versus mass number A: it rises steeply for the lightest nuclides, peaks near A ~ 56-60
(iron/nickel — the most tightly bound nuclides), then decreases slowly toward the heaviest nuclides. Both fission of
heavy nuclei and fusion of light nuclei move products up toward the peak, releasing energy.

Because the curve rises steeply for light nuclei and peaks around iron/nickel before slowly declin-
ing, any nuclear process that moves nucleons toward that peak — splitting a heavy nucleus into two
medium-mass fragments (fission), or combining light nuclei into a heavier one (fusion) — produces
daughter/product nuclei that are, on average, more tightly bound per nucleon than the starting ma-
terial. The energy corresponding to this increase in binding energy per nucleon is released, chiefly
as kinetic energy of the products.

Vi du miu - Binding energy per nucleon of the alpha particle

The nucleus of helium-4 (2 protons, 2 neutrons) has a measured mass of 4.0015 u. Using m, =
1.67 x 10727 kg and m,, = 1.675 x 10727 kg (with 1 u = 1.66 x 10727 kg), calculate the mass
defect, the total binding energy, and the binding energy per nucleon.
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Convert nucleon masses to u:

167 x 1077
P 166 x 1027

_ 1.675 x 1027

m =1.0060u, m

Mass of separate nucleons:
2m,, + 2m,, = 2(1.0060) + 2(1.0090) = 2.0120 + 2.0181 = 4.0301 u.

Mass defect:
Am = 4.0301 — 4.0015 = 0.0286 u.

Binding energy:
Eyinding = 0.0286 x 931.5 = 26.6 MeV.

Binding energy per nucleon:

E.. . 26.6
bmAdmg == = 6.66 MeV/nucleon.

This unusually large binding energy per nucleon (for such a light nuclide) is why the alpha
particle is an especially stable, tightly bound configuration — and exactly why heavy nuclei so
often decay by ejecting a whole, ready-made helium-4 nucleus rather than individual nucleons.

Nuclide Mass number A Binding energy/nucleon Position on the curve
Helium-4 4 ~ 6.7 MeV rising steeply (light side)
Carbon-12 12 ~ 7.2 MeV still rising

Iron-56 56 ~ 8.8 MeV at the peak (most stable)
Uranium-235 235 ~ 7.6 MeV declining slowly (heavy side)

This numerical progression is exactly the shape of the binding-energy-per-nucleon curve sketched
earlier: a fast rise for the lightest nuclides, a broad, gentle peak around iron, and a slow decline out
toward uranium — with iron-56 sitting closest to the summit of nuclear stability of any naturally
occurring nuclide.

(!) L6i thuong gap: By, g:,, = Amc? ding d6 hut khéi Am — hiéu giira téng khéi lugng cac
nucleon riéng lé va khaoi lvgng hat nhan that s — ch& khéng phai khéi luvgng hat nhan. Ludn
tinh Am = (tong khéi lwgng nucleon roi) — (khoi lvgng hat nhan), két qua phai duong. Mot
16i khac: so sanh truc tiép téng nang luong lién két gitra hai hat nhan khac kich thuéc dé danh
gia do bén — phai so sanh nang luong lién két trén méi nucleon méi cé y nghia.

. GIAI THICH TIENG VIET

Khéi lugng hat nhan luén nhé hon téng khéi luong cac proton va neutron rdi rac tao thanh né
— phan khéi lugng "bién mat” (Am, dd hut khéi) chinh 1a nang lugng lién két hat nhan theo
E = Amc? (dung 1u = 931.5 MeV/c? cho tién). Nang lugng lién két trén méi nucleon 13 thudc
do do bén hat nhan; dé thi ndng luong lién két/nucleon theo A dat dinh & sat/niken (A ~ 56)
— day la ly do ca phan hach (hat nhan ndng tach ra) va nhiét hach (hat nhan nhe két hop) déu
toa nang lugng: ca hai déu dua sdn pham "tién gan hon” téi dinh d6 thi.
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5.4.2 The Fission Process

Nuclear fission is the splitting of a heavy nucleus into two lighter "daughter” nuclei. In induced
fission, a heavy nuclide such as uranium-235 absorbs a slow (thermal) neutron, forming a highly
excited, unstable compound nucleus (uranium-236) that almost immediately splits into two medium-
mass fragments, releasing two or three additional free neutrons and a large amount of energy:

on+33°U — 3U" — éllX%—;jYJrk}]n (k = 2 or 3, typically).

Because the two daughter fragments sit much higher on the binding-energy-per-nucleon curve than
the original uranium nucleus (uranium is far down the slowly-declining right-hand side of the curve,
while medium-mass fragments sit much closer to the peak), the reaction releases a very large amount
of energy — overwhelmingly as kinetic energy of the fast-moving fragments and neutrons, which is
subsequently converted to heat. In practice, the two daughter fragments are almost never of equal
mass: the fission of U-235 overwhelmingly favours asymmetric splits, typically one fragment with
mass number around 90-100 and the other around 130-145 (as in the worked examples below), rather
than two roughly equal halves.

Vi du mAau - Energy released in a fission reaction

In one possible fission pathway, {n+23°U — 13!Ba+52Kr+3 in. Given the masses m(U-235) =
235.0439 u, m(n) = 1.0090 u, m(Ba-141) = 140.9139 u, m(Kr-92) = 91.9066 u, calculate the
energy released.

Total mass before:
235.0439 + 1.0090 = 236.0529 u.

Total mass after:
140.9139 + 91.9066 + 3(1.0090) = 140.9139 + 91.9066 + 3.0270 = 235.8475 u.
Mass defect and energy released:
Am = 236.0529 — 235.8475 = 0.2054 u = E =0.2054 x 931.5 = 191 MeV.

This is consistent with the typically quoted value of roughly 200 MeV released per U-235 fission
event.

Vi du mau - Fission rate in a power reactor

A nuclear power reactor generates 3000 MW of thermal power from the fission of U-235, with
an average energy release of 200 MeV per fission event. Calculate the number of fission events
occurring each second.

Energy per fission, in joules:
E ticsion = 200 X 10° x 1.60 x 10719 = 3.20 x 107" J.

Rate of fission events:

P 3.000 x 10?
Efission 3.20 x 1011 X ! /
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Vi du miu - Energy density: fission versus chemical combustion

Estimate the energy released per kilogram of U-235 undergoing fission (taking 200 MeV re-
leased per fission event), and compare it with the energy released per kilogram of coal burned
in an ordinary chemical combustion process (about 3 x 107 J/kg).

Number of U-235 nuclei per kilogram:

1kg B 1
(235)(1.66 x 1027 kg)  3.90 x 1025

= 2.56 x 10*4 nuclei/kg.

Energy released per kilogram:
E = N x (200 MeV) = (2.56 x 10%4)(3.20 x 107! J) = 8.2 x 1013 J/kg.

Ratio to coal:
8.2 x 1013

3 x 107
Fission of U-235 releases roughly 2.7 million times more energy per kilogram of fuel than burn-
ing coal — the fundamental reason nuclear fuel is so energy-dense compared with any chemical
fuel: nuclear reactions release binding energy from the strong force, many orders of magnitude
stronger than the electromagnetic bonds broken and formed in chemical combustion.

~ 2.7 x 106,

- GIAI THICH TIENG VIET

Phan hach: hat nhan ning (nhuw U-235) hap thu mét neutron cham, trd nén khong bén va tach
thanh hai hat nhan con nhe hon cung vai neutron tu do, giai phong nang lwgng |&n — vi cac
hat nhan con nam cao hon trén dd thi ndng lvong lién két/nucleon so véi hat nhan me ban
dau. Cach tinh nang lugng toa ra: 1ay dé hut khéi (khéi luong trudce trir khéi luong sau phan
(rng) nhan vai 931.5 MeV/u. Vé khéi lugng, ndng lugng toa ra tir phan hach 16n hon dét chay
hoa hoc hang triéu [an — vi phan (ng hat nhan giai phdng nang luong lién két tir luc hat nhan
manh, manh hon rat nhiéu so vdi lién két hoa hoc (luc dién tur).

5.4.3 Chain Reactions and Critical Mass

Each fission event releases two or three free neutrons, and if at least one of these goes on to trigger
a further fission event in a neighbouring nucleus, the process can become self-sustaining: a chain
reaction. Whether a chain reaction grows, dies out, or remains steady depends on how many of the
released neutrons, on average, go on to cause a further fission — described by the multiplication
factor k (average number of fissions directly caused by each fission event):

e Subcritical (¢ < 1): on average, fewer than one further fission is caused by each fission event;
the reaction rate decreases and the chain reaction dies out.

e Critical (k = 1): each fission event causes, on average, exactly one further fission; the reaction
proceeds at a steady, self-sustaining rate — the operating condition of a controlled nuclear reac-
tor.

e Supercritical (¢ > 1): each fission event causes, on average, more than one further fission;
the reaction rate grows rapidly (the condition deliberately engineered, uncontrolled, in a fission
weapon).

The critical mass is the minimum mass of fissile material needed for a self-sustaining chain reaction:
too small a sample and too many neutrons escape from the surface without striking another nucleus,
so the reaction cannot sustain itself regardless of purity.
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In a supercritical assembly, the number of fission events grows geometrically from one neutron

generation to the next:
Ngeneraﬁon n = Noknv

where N, is the number of fission events in the first generation and k£ > 1 is the multiplication
factor. This is the same mathematical form as radioactive growth/decay (E.3), except that here
the "generations” (each lasting a tiny fraction of a second) play the role of elapsed time, and %
plays the role of a growth, rather than decay, factor.

Vi du mAu - Exponential growth in a supercritical chain reaction

In a supercritical assembly with multiplication factor k¥ = 1.02, a single initial fission event
triggers a chain reaction. Estimate the number of fission events occurring in the 100t neutron
generation.

£100(0.0198) _ ,1.98 7 9

(1.02)100 = 100In(1.02)

So only about 7 fission events would be occurring in the 100" generation for this only-just-
supercritical assembly (k¢ = 1.02) — illustrating that even a multiplication factor only slightly
above 1 eventually produces runaway growth, but the growth only becomes dramatic after
very many generations; assemblies used in practice for rapid energy release operate with &
well above 1, producing far faster growth.

The critical mass of a bare (unshielded, unreflected) sphere of fissile material depends strongly
on which isotope is used, since different isotopes have different probabilities of undergoing fission
when struck by a neutron of a given energy: a bare sphere of weapons-grade uranium-235 has
a critical mass of roughly 52 kg, while a bare sphere of plutonium-239 requires only about 10 kg
— plutonium-239 is considerably more fissile, and this critical mass can be reduced further still by
surrounding the core with a neutron-reflecting shell that scatters escaping neutrons back into the
fissile material.

. GIAI THICH TIENG VIET

Phan &rng day chuyé&n: méi [an phan hach giai phéng vai neutron, cé thé kich hoat phan hach
ti€p theo. Hé s6 nhan neutron k: k < 1 13 dwéi han (phan (rng tat dan), & = 1 13 t&i han (phan
ing duy tri 6n dinh — trang thai van hanh ca 16 phan &ng), & > 1 13 trén han (phan &ng ting
vot, mat kiém soat). Khéi lugng téi han 13 khéi lwong téi thi€u dé duy tri phan (ng day chuyén
tu lwc — mau qua nho thi neutron thoat ra ngoai qua nhiéu truéc khi kip gay phan hach tiép.

5.4.4 Nuclear Fission Reactors

A nuclear fission (power) reactor is engineered to sustain a fission chain reaction at a steady, con-

trolled rate (k = 1) and to extract the resulting energy as useful heat. Its essential components

are:

e Fuel — typically enriched uranium (with an increased proportion of the fissile isotope U-235 rel-
ative to natural uranium), providing the fissile nuclei.

¢ Moderator — a material of low atomic mass (commonly water or graphite) that slows down (ther-
malizes) the fast neutrons released by fission through repeated elastic collisions, since slow neu-
trons are far more likely to be captured by a U-235 nucleus and induce further fission than fast
ones.

e Control rods — made of a strongly neutron-absorbing material (commonly boron or cadmium),
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inserted or withdrawn to absorb a controllable fraction of the free neutrons, keeping k at exactly
1 during normal operation, and driven fully in to shut the reactor down (k <« 1) in an emergency.

e Coolant — a fluid (often water, sometimes a gas or liquid metal) circulated through the reactor
core to remove the heat generated by fission, both preventing the core from overheating and
carrying that heat away to generate steam that drives turbines to produce electricity.

Spent fuel removed from a reactor still contains a mixture of highly radioactive fission products
(many with short-to-medium half-lives, decaying away over years to centuries) and small quantities
of long-lived heavier isotopes formed by neutron capture. Because of the long-lived component,
spent fuel requires secure, shielded storage — following exactly the same time/distance/shielding
principles introduced earlier in E.3 — for periods that can extend to many thousands of years, an
important practical constraint on the deployment of fission power that has no equivalent in fossil-
fuel combustion.
- GIAI THICH TIENG VIET
Bon thanh phan chinh ctia 16 phan (rng phan hach: nhién liéu (uranium Iam giau, cung cap hat
nhan phan hach); chat lam cham (nuéc hodc than chi, 1dam chdm neutron nhanh dé tang kha
nang gay phan hach ti€p theo); thanh diéu khién (bo hoic cadmium, hap thu neutron dé gitr
k = 1 hoac dirng 16 khan cap); chat lam mat (tai nhiét ra khai 16 dé€ sinh hai chay turbine phat
dién, déng thai tranh 16 qua nhiét).

5.5 E.5 Fusion, Stars and the Standard Model

5.5.1 The Fusion Process

Nuclear fusion is the combination of two light nuclei into a single heavier nucleus. Because the
product nucleus sits higher on the binding-energy-per-nucleon curve than the light reactant nuclei
(see the figure in E.4), fusion — like fission — releases energy, and per unit mass of fuel it releases
substantially more energy than fission, since the rise of the binding-energy curve is much steeper on
the light-nuclei side than its slow decline on the heavy-nuclei side.

Achieving fusion is nonetheless difficult, because two positively charged nuclei strongly repel one
another electrostatically (Coulomb repulsion) as they approach. For the short-range strong nuclear
force to take over and bind them together, the nuclei must first be brought extremely close (of order
a few femtometres) despite this repulsion. This requires:

e extremely high temperature (of order 107-10% K), so that nuclei have enough random thermal
kinetic energy to approach one another closely despite their mutual repulsion;

o extremely high density/pressure, so that collisions between nuclei of sufficient energy occur fre-
quently enough to sustain a useful reaction rate.

At such temperatures, matter exists as a plasma — a gas of freely moving, unbound ions and electrons
— rather than as ordinary atoms.

Vi du mau - Energy released in deuterium-tritium fusion

The reaction ?H + $H — jHe + |n is the easiest fusion reaction to initiate in the laboratory.
Given m(H-2) = 2.0141 u, m(H-3) = 3.0160 u, m(He-4) = 4.0015 u, m(n) = 1.0090 u, calculate
the energy released.

Mass before:
2.0141 + 3.0160 = 5.0301 u.

Mass after:
4.0015 + 1.0090 = 5.0105 u.
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Mass defect and energy released:
Am = 5.0301 — 5.0105 = 0.0196 u = E =0.0196 x 931.5 = 18.3 MeV.

Although the energy released per reaction is far smaller than in a single fission event,
deuterium-tritium fuel has a much larger energy release per unit mass of fuel, which is why
fusion is pursued as a future high-density power source.

(1) L6i thuwong gap: Ding nham diéu kién cho phan (rng nhiét hach: nhiét dé cuc cao khéng
phai dé "pha v&” hat nhan, ma dé cung cap du déng nang cho cac hat nhan vuot qua luc day
tinh dién Coulomb gitra ching va tién da gan dé luc hat nhan manh (tAm ngan) phat huy tac
dung. Cling can mat dé du cao dé tan suat va cham du 1é6n — chi nhiét doé cao thoi (ma mat do
thap) 13 khéng du dé duy tri phan &ng.

No solid material container could ever physically touch a plasma at 107-10% K without instantly
vaporizing, so a working fusion reactor must confine the plasma without solid walls. Two engineer-
ing approaches are pursued: magnetic confinement, in which strong magnetic fields (arranged, for
example, in the toroidal "tokamak” design) exploit the fact that charged particles in a plasma spiral
along field lines, holding the plasma away from the walls of the vacuum vessel; and inertial confine-
ment, in which a small fuel pellet is compressed and heated almost instantaneously (for example, by
an array of powerful lasers striking it from all directions), so that fusion occurs before the pellet has
time to fly apart. Unlike a fission reactor, a fusion reactor carries no risk of an uncontrolled chain
reaction — if confinement is lost for even a moment, the plasma cools and the reaction simply stops
— but achieving a net energy gain (more energy released by fusion than is consumed maintaining the
plasma) has proved to be a formidable long-term engineering challenge.

GIAI THICH TIENG VIET

hiét hach: hai hat nhan nhe két hgp thanh mot hat nhan nang hon, toa nang luong (vi san
pham nam cao hon trén do thi ning luong lién két/nucleon). Can nhiét do cuc cao (~ 107-
108K) va mat dé cao dé hat nhan du ddng nang vuot luc ddy Coulomb va tién du gan dé luc
hat nhan manh tac dung. O nhiét do nay vat chat ton tai & dang plasma, phai dugc giam gitr
bang tir trudng manh (kiu tokamak) hodc bang nén quan tinh (laser) chr khéng thé dung binh
chira vat liéu théng thudng nao chiu néi. Khac vai phan hach, 16 nhiét hach khéng ¢6 nguy co
phan (rng diy chuyén mat ki€m soat — mat giam gilr 13 phan (rng tat ngay.

5.5.2 Fusion in Stars: the Proton-Proton Chain and the CNO Cycle

Stars are powered by nuclear fusion in their cores. In stars with core temperatures similar to or
somewhat above the Sun’s, the dominant fusion pathway is the proton-proton (p-p) chain: through
a short sequence of intermediate steps, four hydrogen-1 nuclei (protons) are ultimately converted
into one helium-4 nucleus, releasing two positrons, two neutrinos, and a large amount of energy:

4%H — gHe+231e+2ue+energY-

In stars considerably hotter and more massive than the Sun, an alternative pathway, the CNO cycle
(carbon-nitrogen-oxygen cycle), dominates: carbon-12 acts as a catalyst, repeatedly capturing pro-
tons and undergoing a cycle of transformations that is regenerated at the end, with the net effect —
again — of converting four protons into one helium-4 nucleus and releasing energy. Both pathways
achieve the same overall transformation and net energy release; which one dominates in a given star
depends primarily on core temperature (the CNO cycle’s reaction rate rises much more steeply with
temperature, so it dominates only in hotter, more massive stars).
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Vi du miu - Net energy release of the proton-proton chain

Estimate the total energy released when four protons fuse (via the proton-proton chain)
into one helium-4 nucleus, neglecting the small rest mass of the emitted positrons and
treating the neutrinos as effectively massless. Use m,, = 1.67 x 10727 kg = 1.0060 u and
m(He-4 nucleus) = 4.0015 u.

4m,, = 4(1.0060) = 4.0241 u.
Am ~4.0241 —4.0015 = 0.0226u =  E ~0.0226 x 931.5 = 21.1 MeV.

(A more complete calculation, including the rest mass of the two emitted positrons and their
subsequent annihilation, gives a slightly larger commonly quoted total of around 26-27 MeV;
the estimate above captures the dominant nuclear contribution.) This single reaction se-
qguence, repeated an enormous number of times per second, is what powers the Sun.

Vi du mau - The Sun’s rate of mass loss

The Sun radiates energy at a rate (its luminosity) of L = 3.83 x 10%® W. Using mass-energy
equivalence, estimate the rate at which the Sun loses mass as a result of the nuclear fusion
powering this output.

. dE d L
Since E = mc?, the rate of energy loss L = - corresponds to a rate of mass loss —CZL =
C

dm  3.83x10%  3.83x10%

- = — = 9
2~ (300 1092 ~ .00 x 1006 — 120 < 107ke/s.

The Sun converts roughly 4.3 billion kilograms of matter into energy every second (a little over
four million tonnes per second) — an enormous rate in absolute terms, yet utterly insignificant
compared with the Sun’s total mass (~ 2 x 103% kg), which is why the Sun can continue shining
at essentially this same rate for billions of years.

. GIAI THICH TIENG VIET

Chubi phan trng proton-proton (chi€m uu thé trong cac sao nhu Mat Trdi): 4 hat nhan hydro
(proton) két hop thanh 1 hat nhan heli-4, phat ra 2 positron, 2 neutrino va nang lugng. Chu
trinh CNO (chiém wu thé & cac sao ndng hon, khéi lwgng I6n hon) dung carbon lam chat xuc
tac nhung cho cung két qua téng thé: 4 proton — 1 heli-4. Sao cang nong thi chu trinh CNO
cang chiém uu thé so véi chubi p-p.

5.5.3 Stellar Nucleosynthesis

As a star exhausts the hydrogen fuel in its core, it can — if massive enough — begin fusing progres-
sively heavier elements in succession (helium into carbon and oxygen, and, in the most massive stars,
on through neon, oxygen, silicon...), each stage releasing energy because the products still sit higher
on the binding-energy-per-nucleon curve than the reactants. This chain of successive fusion stages
can build up elements as heavy as iron, but stops there: because iron sits at (or extremely close to)
the peak of the binding-energy-per-nucleon curve, fusing iron into anything heavier would require
an input of energy rather than releasing it, so fusion simply cannot proceed further inside an ordinary
stellar core.

Elements heavier than iron, observed throughout the universe, are therefore built up by other
processes — principally rapid neutron-capture nucleosynthesis occurring during the extreme condi-
tions of a supernova explosion (the violent death of a very massive star), where an intense flux of
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free neutrons allows heavy nuclei to capture neutrons far faster than those nuclei can beta-decay
away the resulting instability, building up progressively heavier nuclides that are then blasted out into
space, seeding future generations of stars and planets (including, ultimately, the heavy elements that
make up the Earth itself).

- GIAI THICH TIENG VIET
Tong hop hat nhan trong sao: cac giai doan nhiét hach lién ti€p trong 16i sao du nang c6 thé
tao ra cac nguyén té nang dan, t6i da dén sat (Fe) — vi sat gan dinh db thi nang luvong lién
két/nucleon, nhiét hach tir sat trd di sé can nang lugng thay vi tod ra. Cac nguyén té nang hon
sat dugc tao ra qua qua trinh bat neutron nhanh trong vu né siéu tan tinh (supernova) — day
|3 ngudn géc cta hau hét cac nguyén té nang trong vi tru, ké ca trén Trai Dat.

5.5.4 The Hertzsprung-Russell Diagram and Stellar Evolution

The Hertzsprung-Russell (HR) diagram plots stellar luminosity (total power radiated, often shown

on a logarithmic scale, sometimes expressed as absolute magnitude) against surface temperature
(with temperature conventionally plotted decreasing to the right, and often related to a star’s colour/spec-
tral class). Most stars, for most of their lives, lie along a diagonal band called the main sequence,
running from hot, luminous, blue-white stars at the upper left to cool, faint, red stars at the lower
right; a star on the main sequence is fusing hydrogen into helium in its core.

luminosity

giants /
supergiants

white
dwarfs

hot surface temperature (decreasing to);|

A simplified Hertzsprung-Russell diagram. The main sequence runs from hot/luminous (upper left) to cool/faint (lower
right). Giants and supergiants (upper right) are cool but highly luminous because they are enormous; white dwarfs (lower
left) are hot but faint because they are tiny.

Two other regions are prominent: giants and supergiants, in the upper right, are relatively cool
at the surface (hence red/orange in colour) yet extremely luminous, because they are enormous —
an immense surface area radiates a great total power even at a modest temperature per unit area.
White dwarfs, in the lower left, are hot at the surface yet very faint, because they are extremely
small (roughly Earth-sized) — a hot but tiny surface radiates relatively little total power.

A star’s position and future path on the HR diagram is governed by its mass. A star of mass
similar to the Sun spends most of its life on the main sequence fusing hydrogen; once core hydrogen
is exhausted, it expands and cools at the surface while its core contracts and heats, moving it off
the main sequence and up into the red-giant region as it fuses helium (and, briefly, some heavier
elements); eventually it sheds its outer layers and the exposed core settles as a small, hot, dense
white dwarf, which then simply cools over a very long time with no further fusion. A much more
massive star evolves faster and more dramatically: after passing through a supergiant phase and
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building up a layered structure of successively heavier fused elements up to iron in its core, it can no
longer generate energy by fusion and collapses catastrophically, producing a supernova explosion
that leaves behind an extremely dense neutron star or, for the most massive stars, a black hole.

The eventual fate of a collapsed stellar core depends on its mass. A white dwarf is held up
against further gravitational collapse not by fusion but by electron degeneracy pressure, a
purely quantum-mechanical effect (ultimately a consequence of the Pauli exclusion principle,
which forbids identical electrons from occupying the same quantum state); this support fails if
the core’s mass exceeds the Chandrasekhar limit, about 1.4 solar masses. A more massive col-
lapsed core instead becomes a neutron star, supported by the analogous neutron degeneracy
pressure, up to a further limit of roughly 2-3 solar masses — a neutron star packs more mass
than the Sun into a sphere only a few kilometres across, reaching densities comparable to (and
even exceeding) the nuclear density calculated in E.1. Beyond this limit, no known force can
halt the collapse, and a black hole results.

(1) L6i thueng gap: Truc nhiét do trén biéu d6 H-R gidm dan sang phai — nguoc véi quy udc
théng thudng cda truc s6. Vi vay sao néng nhat nam & bén trai, khong phai bén phai. Day I3
16i doc d6 thi rat thudng gap — hay ludn kiém tra chiéu mai tén/nhan truc truwde khi két luan
sao nao nong hon.

- GIAI THICH TIENG VIET

Bi€u d6 Hertzsprung-Russell: truc tung 1a d6 trung (luminosity), truc hoanh 12 nhiét dé bé mat
nhung gidm dan sang phai. Dai chinh (main sequence, chéo tur trén-trai xuéng dudi-phai) la
noi hau hét sao (ké ca Mat Trai) trai qua phan I6n "cudc doi” khi dang nhiét hach hydro thanh
heli. Sao khong 16 do (giants/supergiants) & goc trén-phai: lanh nhung rat sang vi kich thudc
cuc Ién. Sao lun trang (white dwarfs) & goc dudi-trai: nédng nhung mo vi kich thuéce rat nho.
Tién hoa sao: Mit Troi sé thanh sao khéng 16 do roi sao lUn trang; sao rat ning sé nd siéu tan
tinh, d€ lai sao neutron ho3c hé den.

5.5.5 The Standard Model of Particle Physics

The Standard Model is the current, well-tested theoretical framework describing the fundamental
building blocks of matter and the interactions between them.

Matter particles fall into two families of fundamental (indivisible, as far as is currently known)
particles, both organized into three "generations”:

e Quarks — six flavours: up, down, charm, strange, top, bottom (each also having a corresponding
antiquark). Quarks carry fractional electric charge (+2/3 e for up-type: up, charm, top; —1/3 e for
down-type: down, strange, bottom) and are never observed in isolation; they are always confined
inside composite particles called hadrons.

e Leptons — the electron, muon, and tau, each with charge —e, together with a corresponding
neutral, nearly massless neutrino for each (v_, v, , v_); each also has a corresponding antiparticle.

e s Ut
Generation Quarks Charge (units of ¢) Leptons
1st up (u), down (d) +2, -1 electron (e7), v,
2nd charm (c), strange (s) +§, —% muon (u ™), v,
3rd top (t), bottom (b) +2, -1 tau (1), v,

Ordinary, everyday matter is built almost entirely from just the first generation (up and down quarks
inside protons and neutrons, and electrons); the second- and third-generation particles are far more
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massive, unstable, and are seen only in high-energy cosmic-ray collisions or particle-accelerator ex-
periments, decaying almost immediately into first-generation particles.
Quarks combine to form two classes of hadrons:

e Baryons — three quarks bound together. The proton is uud (charge +§ + % — % = +1, in units of
e); the neutron is udd (charge +2 — & — £ = 0).

e Mesons — a quark and an antiquark bound together.

The four fundamental interactions, their approximate relative strengths, and their force-
carrying gauge bosons:

e Strong (relative strength ~ 1, the largest): carried by the gluon; binds quarks together inside
hadrons, and (as a residual effect) binds protons and neutrons together inside the nucleus.

¢ Electromagnetic (relative strength ~ 1072): carried by the photon; acts between any
charged particles.

e Weak (relative strength ~ 107%): carried by the W and Z bosons; responsible for processes
such as beta decay.

o Gravitational (relative strength ~ 10738, by far the weakest): carried by the hypothesized
(not yet directly detected) graviton; negligible in particle interactions but dominant at as-
tronomical scales because of the enormous masses involved.

Almost everything known about the Standard Model’s particles has been learned using parti-
cle accelerators: machines that use electric fields to accelerate charged particles to extremely high
kinetic energies (and hence, by the de Broglie relation of E.2, to extremely short associated wave-
lengths capable of probing structure far smaller than a nucleus), then collide them together — either
against a stationary target or head-on against a second, oppositely-directed beam. Magnetic fields
are used to steer and focus the beams, and to bend them into a closed loop in ring-shaped ("syn-
chrotron”) designs, allowing particles to be accelerated over many repeated passes. The very high
collision energies allow the creation of massive short-lived particles (such as the W/Z bosons, or
the Higgs boson) that do not otherwise exist in ordinary matter, since by mass-energy equivalence
a large enough input of kinetic energy can be converted directly into the rest mass energy of new
particles.

The very different masses of the fundamental particles (from the essentially massless neutrinos
to the very heavy top quark) are understood to arise from each particle’s interaction with the Higgs
field, an energy field that permeates all of space; particles that interact more strongly with this field
acquire more mass, while the photon — which does not interact with the Higgs field at all — remains
exactly massless, consistent with its role as carrier of the infinite-range electromagnetic force. The
associated particle, the Higgs boson, was predicted theoretically in the 1960s and finally observed
experimentally in 2012 at the Large Hadron Collider, confirming the mechanism.

When a particle meets its own antiparticle, the two can annihilate, converting their entire
combined rest mass directly into energy — typically two photons, emitted in opposite directions
to conserve the (zero) total momentum of a pair initially at rest. The reverse process, pair
production, converts a sufficiently energetic photon into a particle-antiparticle pair (requiring
at least enough photon energy to supply both particles’ rest mass energy). Both processes are
direct, dramatic experimental confirmations of mass-energy equivalence, E = mc? (E.4).

Vi du mAu - Electron-positron annihilation

An electron and a positron, both essentially at rest, meet and annihilate, producing two pho-
tons. Find the energy of each photon.
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Rest mass energy of the electron (equal to that of the positron):

m,c? = (9.11x10731)(3.00x108)%2 = 8.20x 10714 J = 820 x 1071 =5.12x10° eV = 0.512 MeV
¢ ‘ ‘ ' 1.60 x 1019 ' '
Total energy released:

Eiprar = 2m.c* = 2(0.512) = 1.024 MeV.

tota

Since the electron and positron are (essentially) at rest, the total initial momentum is zero; con-
servation of momentum then requires the two photons to move in exactly opposite directions
with equal magnitude momentum, and hence (since photon energy E = pc) equal energy:

E 1.024
Eeach photon — t#ml = T = 0.512 MeV.
This is the well-known 0.511 MeV annihilation line used, for example, in positron-emission

tomography (PET) medical scanners.

As a synthesis of the whole chapter, beta-minus decay (E.3) can now be reinterpreted at the level
of fundamental particles: inside a neutron (udd), a down quark converts into an up quark (turning
the neutron, udd, into a proton, uud) by emitting a virtual W~ boson, which itself almost instantly
decays into an electron and an electron antineutrino:

d — u+W~, W= — e +r,.

This is precisely the weak interaction at work, and it is why beta decay — unlike alpha or gamma
decay — is mediated by the weak force rather than the strong or electromagnetic force.

Particle interactions obey several conservation laws beyond energy, momentum, and charge,
including baryon number (each baryon is assigned +1, each antibaryon —1, each non-baryon 0; the
total must be conserved in any interaction) and lepton number (similarly +1 for each lepton, —1 for
each antilepton, conserved separately for each lepton family in most interactions) — both of which
are automatically satisfied by the correctly balanced beta-decay equations written in E.3 (an electron,
lepton number +1, is always accompanied by an antineutrino, lepton number —1, keeping the total
lepton number at 0, unchanged from before the decay).

Vi du miu - Beta decay at the quark level

State the quark composition of a proton and a neutron. Use this to explain, at the quark level,
what happens during beta-minus decay, naming the force-carrying particle involved and the
fundamental interaction responsible.

Proton: uud (charge +2 + 2 — 1 = +1e). Neutron: udd (charge +2 — 3 — ¥ = 0).

In beta-minus decay, one of the neutron’s down quarks (udd) converts into an up quark, turning
the neutron into a proton (uud). This quark transformation happens via the emission of a virtual
W~ boson, d — u + W, which then decays as W~ — e~ + v,, producing the observed beta
particle and antineutrino. The process is mediated by the weak interaction, carried by the W

boson.

. GIAI THICH TIENG VIET

M® hinh chuan: hat vat chat co ban gdm quark (6 loai: up, down, charm, strange, top, bottom,
mang dién tich phan s6) va lepton (electron, muon, tau, ciing 3 neutrino tuang irng). Quark két
hop thanh hadron: baryon (3 quark, VD proton = uud, neutron = udd) va meson (1 quark +
1 phan quark). Bon tuong tac co ban va hat truyén tuong tac: manh (gluon, manh nhét), dién
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tir (photon), yéu (boson W/Z, gay ra phan ra beta), hap dan (graviton — gia thuyét, yéu nhat).
Truwong Higgs cho cac hat khaoi lwong cia ching; hat-phan hat gép nhau sé huy cap, bién toan
b6 khéi luvgng nghi thanh ndng lwong (photon). Phan rd 3~ & cap do quark: quark down —
quark up +W~, r6i W~ — e~ + v, — day la biéu hién clia tuong tac yéu.

5.6 Problem Bank

In the Rutherford gold-foil scattering experiment, which observation provided the strongest
evidence for a tiny, dense, positively charged nucleus?

(A) Most alpha particles passed straight deflected through angles greater than
through the foil. 90°, some almost straight back.

(B) A small number of alpha particles de-

(D) Alpha particles were absorbed by the
flected through small angles.

gold foil and did not reach the detector
(C) A very small fraction of alpha particles screen.

Loi giai chi tiét

Only a concentrated, massive positive charge could exert a force strong enough to reverse the
path of a fast, positively charged alpha particle in a single close encounter; a spread-out charge
distribution (as in the plum-pudding model) could never produce such large-angle scattering.
(C).

A certain isotope of sodium has 11 protons and 12 neutrons. (a) Write its nuclide notation. (b)
State the mass number and the neutron number. (c) A second sodium isotope has one more
neutron than this one; write its nuclide notation and explain why it is chemically identical to
the first.

Loi gidi chi tiét
(@) Z = 11 (sodium), N = 12,50 A = Z + N = 23: nuclide is #}Na.
(b) Mass number A = 23; neutron number N = 12.
(c) One more neutron gives N = 13, A = 24: ?I{Na. Both isotopes have Z = 11 protons,
hence 11 electrons in the neutral atom, which determines all chemical bonding behaviour —

chemistry depends on electron configuration (set by Z), not on N, so the two isotopes are
chemically identical though physically (in mass and possibly stability) different.

The emission spectrum of atomic hydrogen consists of sharp, discrete bright lines rather than
a continuous rainbow of colour. This is best explained by the fact that:

(A) hydrogen atoms can only absorb energy, the gaps between levels) can be emitted.

never emit it.
) . (C) hydrogen has only one electron per atom.
(B) electrons in the atom are confined to dis-

crete, quantized energy levels, so only (D) all the electrons in a sample of hydrogen
photons of specific energies (matching gas have exactly the same total energy.

Thay Twdng 0332747 169 - Cb6 Nancy 0983422 692 IB Diploma Programme Physics - Trang 213



8020 Chuyén luyén thi IELTS/SAT — AP /IB/ A-levels

ENGLISH

Loi giai chi tiét

(B). Discrete spectral lines directly reflect discrete allowed electron energy levels: a transition
between two specific levels always emits a photon of one specific energy £ = hf = E;, — E},
so only a fixed, discrete set of photon energies (and hence wavelengths) can ever appear.

Calculate the energy (in eV) and the wavelength of the photon emitted when a hydrogen atom'’s
electron falls from n = 4 to n = 2 (the second line of the Balmer series, Hp). State the region
of the electromagnetic spectrum this lies in.

Loi giai chi tiét

13.6 13.6 13.6
E, = B el —0.850 eV, = g = —3.400 eV.
Ehoton = By — By = —0.850 — (—3.400) = 2.550 eV = 2.550 x 1.60 x 10719 = 4.08 x 10719 J.

he 1989 x 10°%

—_ =7 o
T 408 x 10-19 4.88 x 1077 m = 488 nm.

A=

E

photon

This lies in the blue-green part of the visible spectrum — the well-known Hg line.

The ionization energy of a hydrogen atom in its ground state is 13.6 €V. This means that:

(A) every possible electron transition in hy- (C) the total energy of a hydrogen atom is al-
drogen releases exactly 13.6 eV. ways +13.6 eV.

(B) at least 13.6 eV must be supplied to
completely remove the electron from the (D) 13.6 eV is the energy of the photon emit-
ground state (n = 1) to n = oo. ted in the n = 2 — n = 1 transition.

Loi giai chi tiet

lonization energy is defined as the energy needed to remove the electron completely, from
its current level out to n = oo (where E__ = 0); for the ground state this is —E;, = 13.6 eV.
(Note that (D) is a common distractor but is numerically wrong: the n = 2 — n = 1 transition
releases £, — F; = —3.4 — (—13.6) = 10.2 €V, not 13.6 eV.) (B).

A beam of white light is passed through a sample of cool hydrogen gas. Photons of energy
10.2 eV are strongly absorbed, producing a dark line in the transmitted spectrum. (a) Show that
this photon energy corresponds to a transition from n = 1 to n = 2. (b) Explain why photons
of energy 11.5 eV, which carry more energy than the 10.2 eV photons, are not absorbed at all.

Loi giai chi tiét

(@) B, — E; = —3.400 — (—13.600) = 10.2 eV, exactly matching the given photon energy — so
this dark line corresponds to ground-state hydrogen atoms absorbing a photon and jumping
fromn =1ton =2.

(b) In a cool gas, essentially all atoms start in the ground state (n = 1), so only photons whose
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energy exactly matches an allowed transition from n = 1 can be absorbed: E, — E; = 10.2 €V,
E;—E, = —1.511—(—13.6) = 12.1 eV, and so on, up to the ionization energy of 13.6 eV (above
which any excess energy becomes kinetic energy of a freed electron, so absorption becomes
possible for a continuous range starting at 13.6 eV). Since 11.5 eV does not match any allowed
transition energy and is also less than the 13.6 €V ionization energy, a photon of exactly 11.5 eV
cannot be absorbed at all — it simply passes through the gas.

For a photoelectric-effect experiment using light with a frequency above the threshold fre-
quency f,,, which change would increase the maximum kinetic energy of the emitted photo-
electrons?

(A) Increasing the intensity of the incident (C) Decreasing the frequency of the incident

light while keeping its frequency fixed. light, toward f,,.

(B) Increasing the frequency of the incident (D) Switching to a metal with a larger work
light. function, at the same frequency.

Loi giai chi tiét

KE,, .. = hf — ® depends only on frequency f and work function ®, not on intensity. In-

creasing f increases KE,, .. directly; decreasing f or increasing ® would decrease it; intensity

affects only the number of photoelectrons per second, not their maximum energy. (B).

A metal surface has a work function ® = 4.20 eV. Ultraviolet light of wavelength 250 nm is inci-
dent on the surface. Find (a) the energy of each incident photon, in eV; (b) the maximum kinetic
energy of the emitted photoelectrons; (c) the stopping voltage; (d) the threshold wavelength
of the surface.

Loi giai chi tiét
()
he  1.989 x 1072 7.96 x 10719

FE=—=—""J =17 1079 )= ——— =4. V.
T S (e 60100  ITe
(b)
KE,,,.=FE—®=497—420=0.77 V.
() V,=KE,,,,/e =0.77V (numerically equal to the value in eV).
(d)
h L. 10-2° I 1072
A = e 1989 > 10 _ L9890 5 06 % 107 m = 206 nm.

®  (4.20)(1.60 x 10-19) ~ 6.72 x 1019

Which of the following observations provides evidence for the particle (photon) nature of light,
rather than its wave nature?
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(A) Diffraction of light around an obstacle. (C) The photoelectric effect, in which elec-
tron emission depends on frequency, not

(B) Two-source interference  producing ey

bright and dark fringes. (D) Polarization of light by a filter.

Loi giai chi tiet

Diffraction, interference, and polarization are all wave phenomena, fully explained by classical
wave theory. The photoelectric effect’s dependence on frequency (not intensity) for electron
emission can only be explained if light delivers energy in discrete photon packets, E = hf. (C).

Calculate the de Broglie wavelength of (a) a proton moving at 2.0 x 10° m/s, and (b) a 0.50 kg
ball moving at 20 m/s. Comment on why wave effects can, in principle, be observed for the
proton but are never observed for the ball.

Loi giai chi tiét
(a)

p=myv = (167 x 10727)(2.0 x 10°) = 3.34 x 102! kg - m/s.
h  6.63 x 10

_ —13

A=

p =muv = (0.50)(20) = 10 kg - m/s.
N h_663x 10734
T p 10
The proton’s wavelength (~ 10~'2 m) is on a subatomic scale comparable to distances relevant
in particle scattering, so wave effects (diffraction) are in principle detectable with a suitable
target. The ball's wavelength (~ 10735 m) is inconceivably smaller than any physical aperture or

object that could ever be used to diffract it — no macroscopic object ever displays observable
wave behaviour.

Heisenberg’s uncertainty principle, Ax Ap > h/(4r), implies that:

=6.63 x 1073% m.

(A) position and momentum cannot be mea- quality.
sured simultaneously only because our

instruments are not yet precise enough.  (C) @ particle’s momentum is always exactly

zero whenever its position is perfectly

(B) there is a fundamental limit, inherent to g

nature itself, on how precisely position
and momentum can simultaneously be (D) the principle applies only to macroscopic
known — true regardless of instrument objects, never to subatomic particles.

Loi giai chi tiét

The uncertainty principle is a fundamental property of quantum systems (arising from wave-
particle duality), not a statement about the limitations of measuring equipment. (B).
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An excited nuclear state has a mean lifetime of At = 1.0 x 10712 s before it decays by emitting
a gamma-ray photon. Use the energy-time form of the uncertainty principle to estimate the
minimum uncertainty in the energy of this state, in eV. Comment on what this implies about
the emitted gamma ray.

Loi giai chi tiet

h 6.63 x 10734 6.63 x 10734
AE > = = =5.28 x 10723 ).
= In At 4n(1.0x 10-12) | 1.257 x 10-11 8
5.28 x 10723
AE="""" _—33x10%eV.
160 x 10 _o3xlure

Because the excited state does not have a perfectly sharp, single energy, the emitted gamma-
ray photons do not all have exactly the same energy either — the emission line has a small
but nonzero "natural linewidth” of about 3 x 10~ eV, a direct, measurable consequence of the
finite lifetime of the excited state.

Which type of radioactive emission is stopped by only a few millimetres of aluminium, yet is
able to pass through a sheet of paper and the outer dead layer of human skin?

(A) Alpha particles (C) Gamma rays
(B) Beta particles (D) X-rays

Loi giai chi tiét

Alpha particles are stopped by paper alone; gamma rays require centimetres of lead; beta
particles are the emission stopped specifically by a few millimetres of aluminium. (B).

Write balanced nuclear equations for: (a) the alpha decay of radium-226 (Z = 88); (b) the
beta-minus decay of cobalt-60 (Z = 27); (c) the beta-plus decay of sodium-22 (Z = 11). Verify
conservation of A and Z in each case.

Loi gidi chi tiét
(@) Alpha decay: A — 226 — 4 = 222, Z — 88 — 2 = 86 (radon):
226Ra — 222Rn + jHe.
Check: A: 226 =222 +4v;Z:88=86+2 V.
(b) Beta-minus decay: A unchanged = 60, Z — 27 + 1 = 28 (nickel):
%9Co — $INi+% e+ 7,.

Check: A: 60=60 v; Z: 27 =28 —1 V.
(c) Beta-plus decay: A unchanged =22, Z — 11 — 1 = 10 (neon):

22 22 0

Check: A:22=22v;Z:11=10+1 V.
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As atomic number Z increases beyond about 20, stable nuclei require an increasingly higher
neutron-to-proton ratio. This trend is best explained by the fact that:

(A) neutrons become heavier as Z increases. protons, while extra neutrons add strong-
(B) the strong nuclear force weakens rapidly forge attraction without adding extra re-
as Z increases. pulsion.

(C) electrostatic (Coulomb) repulsion be- (D) protons spontaneously decay into neu-
tween protons grows with the number of trons inside large nuclei.

Loi giai chi tiet

The strong force is short-ranged (acts only between close neighbours) while the Coulomb re-
pulsion is long-ranged (every proton repels every other proton in the nucleus). As Z grows,
total repulsion grows faster than the nearest-neighbour strong-force attraction can compen-
sate for, so extra neutrons — which add strong-force binding without adding to the repulsion
— are needed to keep the nucleus bound. (C).

A sample contains 8.0 x 10'° nuclei of a radioisotope with a half-life of 12 days. (a) How many
undecayed nuclei remain after 60 days? (b) Calculate the activity of the sample at that time.

Loi gidi chi tiét
(a) 60 days = 60/12 = 5 half-lives:
1\°  8.0x 10 0 .
N =N, (§> =~ = 2.5 x 10” nuclei.

(b) Decay constant:

In2  0.6931 1 0.05776
_n2 _ — 0.05776 day " =
Ty,  12days Y T 36400

A =6.69 x 1077 s 1,

A= AN = (6.69 x 1077)(2.5 x 10°) = 1.7 x 103 Bq.

A radioactive isotope has a decay constant of A = 4.33 x 10~* s~!. Calculate its half-life.

Loi giai chi tiet

In2 0.6931

S cIma i 1.60 x 103 s (~ 26.7 minutes).

T1/2 =

Bai 18

A technician handling a sealed gamma-emitting source wants to minimize their radiation dose.
Which of the following would not meaningfully reduce their exposure?
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(A) Increasing the distance between them- (C) Placing a thick lead shield between them-
selves and the source. selves and the source.

(B) Reducing the time spent near the source. (D) Wearing an ordinary cotton lab coat.

Lai giai chi tiét

-

Time, distance, and (dense) shielding are the three genuinely effective principles of radiation
protection. Thin cotton fabric provides negligible attenuation of penetrating gamma radiation.
(D).

A wooden artifact is found to have a carbon-14 activity equal to 30.0% of that measured in a
freshly cut sample of the same wood species. Using T}, = 5730 years for carbon-14, estimate
the age of the artifact.

Lai giai chi tiét

-

In2  0.6931
= —— = =1.210 x 1074 yr 1.
Tip | 5730 i
A
R e M = 0300 =e* = In(0.300) = -\t = —1.204 = —(1.210 x 10~ %)t.
0
= 1.204 =9.95 x 103 years
T 1210x 104 years:

§ B2i 20

The binding energy per nucleon curve peaks near mass number A ~ 56 (iron/nickel). Com-
pared with a nucleus near this peak, both very light nuclei (e.g. hydrogen, helium) and very
heavy nuclei (e.g. uranium) are:

(A) more tightly bound per nucleon, which ergy by producing products closer to the
is why neither fission nor fusion releases peak.
energy.

(C) equally tightly bound per nucleon, re-

(B) less tightly bound per nucleon, so both gardless of position on the curve.

combining light nuclei (fusion) and split- (D) unstable if and only if they are radioac-
ting heavy nuclei (fission) can release en- tive.

Lai giai chi tiét

Nuclei far from the peak (in either direction) have lower binding energy per nucleon than nuclei
near A ~ 56; any process — fission of heavy nuclei or fusion of light nuclei — that produces
daughter/product nuclei closer to the peak releases energy, since binding energy per nucleon
increases. (B).

The nucleus of carbon-12 has a measured mass of 11.9967 u. Using m,, = 1.0060 u and m,, =
1.0090 u (derived from the constants m, = 1.67 x 10727 kg, m,, = 1.675 x 10727 kg, and
1u=1.66 x 10727 kg), calculate the binding energy per nucleon of carbon-12.
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Loi giai chi tiét

Carbon-12 has 7 = 6, N = 6.
6mp + 6m,, = 6(1.0060) + 6(1.0090) =6.036 + 6.054 = 12.090 u.

Am = 12.090 — 11.9967 = 0.0933 u.
Byinding = 0-0933 x 931.5 = 86.9 MeV.

Ebinding 86.9
" =5 = 7.24 MeV/nucleon.

i Bai22 |

A sample of fissile material is described as subcritical when:

(A) each fission event, on average, causes a steady reaction rate.
more than one further fission event, so

. . (C) each fission event, on average, causes
the reaction rate grows exponentially.

fewer than one further fission event, so

. the chain reaction dies out.
(B) each fission event, on average, causes ex-

actly one further fission event, sustaining (D) the sample contains no fissile nuclei at all.

Loi giai chi tiét
Subcritical corresponds to a neutron multiplication factor k& < 1: on average fewer than one

further fission is triggered per fission event, so the chain reaction is not self-sustaining and
dies out. (C).

State the primary function of each of the following components in a thermal nuclear fission
reactor: (a) the moderator; (b) the control rods; (c) the coolant.

Loi gidi chi tiét

(a) Moderator (e.g. water or graphite): slows down (thermalizes) the fast neutrons released by
fission through repeated collisions with light nuclei, since slow neutrons are much more likely
to induce further fission in U-235 than fast ones.

(b) Control rods (e.g. boron or cadmium): absorb a controllable fraction of the free neutrons,
allowing the multiplication factor k to be held at exactly 1 for steady operation, or driven well
below 1 to shut the reactor down.

(c) Coolant (e.g. water, gas, or liquid metal): removes the heat generated by fission from the
reactor core, preventing overheating, and carries that heat away to generate steam that drives
turbines to produce electricity.

In an alternative fission pathway, in + 23°U — l1%Xe + 33Sr + 2{n. Given m(U-235) =
235.0439 u, m(n) = 1.0090 u, m(Xe-140) = 139.9216 u, m(Sr-94) = 93.9154 u, calculate the
energy released.
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Mass before:
235.0439 + 1.0090 = 236.0529 u.

Mass after:
139.9216 + 93.9154 + 2(1.0090) = 139.9216 + 93.9154 + 2.0180 = 235.8550 u.
Mass defect and energy:
Am = 236.0529 — 235.8550 = 0.1979 u = E =0.1979 x 931.5 = 184 MeV.

A good moderator material in a thermal fission reactor should:

(A) have a high atomic mass, so fast neutrons in each collision, while rarely being ab-
bounce off with very little energy loss per sorbed.
collision.

(C) strongly absorb neutrons, so the reaction

(B) have a low atomic mass, so a fast neutron can be shut down quickly.

loses a large fraction of its kinetic energy (D) be a good electrical conductor.

Lai giai chi tiét

Energy transfer in an elastic collision is most efficient when the target mass is close to the pro-
jectile’s mass; light nuclei (such as hydrogen in water, or carbon in graphite) slow fast neutrons
most effectively per collision, while having a low probability of simply absorbing the neutron.

(B).

The deuterium-deuterium fusion reaction ?H + ?H — 3He + {n is given, with m(H-2) =
2.0141 u, m(He-3) = 3.0133 u, m(n) = 1.0090 u. Calculate the energy released.

Loi giai chi tiét

Mass before:

2(2.0141) = 4.0282 u.

Mass after:
3.0133 4+ 1.0090 = 4.0223 u.

Mass defect and energy:
Am = 4.0282 — 4.0223 = 0.0059 u = E =0.0059 x 931.5 = 5.50 MeV.

Nuclear fusion between two light nuclei requires an extremely high temperature primarily be-
cause:
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(A) high temperature increases the mass of enough for the strong nuclear force to
each nucleus, letting the strong force act bind them.

over a longer range. (C) high temperature reduces the electric

(B) the nuclei need enough kinetic energy charge carried by each nucleus.

to overcome their mutual electrostatic (D) high temperature is needed to ionize the
(Coulomb) repulsion and approach close neutrons within each nucleus.

Loi giai chi tiét

Two positively charged nuclei repel each other electrostatically as they approach; only suffi-
cient kinetic energy (i.e. sufficiently high temperature) lets them approach closely enough for
the short-range strong force to take over and bind them together. (B).

Bai 28

Explain why nuclear fusion inside a sufficiently massive star’s core can build up elements as
heavy as iron through successive fusion stages, but cannot produce significantly heavier ele-
ments by the same process. Briefly state how elements heavier than iron are produced instead.

Loi giai chi tiét

Binding energy per nucleon increases with mass number up to iron (4 ~ 56), so each suc-
cessive fusion stage that builds toward iron still releases energy (products more tightly bound
than reactants). Beyond iron, binding energy per nucleon decreases with increasing A, so fus-
ing iron (or anything heavier) into a still heavier nuclide would require a net input of energy
rather than releasing it — an ordinary stellar core, powered by energy-releasing fusion, cannot
sustain this. Elements heavier than iron are instead built up mainly by rapid neutron-capture
nucleosynthesis in the extreme conditions of a supernova explosion.

On a standard Hertzsprung-Russell diagram, a star located in the upper-right region — cool
surface temperature but very high luminosity — is best classified as:

(A) a white dwarf (C) ared giant or supergiant

(B) a main-sequence star (D) a neutron star

Loi giai chi tiét

High luminosity despite a cool (hence low power-per-unit-area) surface can only be explained
by an enormous surface area — the defining feature of a giant or supergiant star. (C).

Bai 30

Outline the life cycle of a star with a mass similar to the Sun, from the main sequence to its
final state. Briefly contrast this with the fate of a much more massive star.

Lai giai chi tiét

A Sun-like star spends most of its life on the main sequence, steadily fusing hydrogen into
helium in its core. Once core hydrogen is exhausted, the core contracts and heats while the
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outer layers expand and cool, moving the star off the main sequence and into the red-giant
region as it begins fusing helium (and briefly some heavier elements). Eventually the star sheds
its outer layers, and the exposed hot, dense core settles as a small white dwarf, which then
simply cools over a very long time with no further fusion. A much more massive star evolves
faster, passes through a supergiant phase, builds up successively heavier fused elements in
layered shells up to iron in its core, and — unable to generate further energy by fusion once
the core is iron — collapses catastrophically in a supernova explosion, leaving behind a neutron
star or (for the most massive stars) a black hole.

A 7™ meson consists of an up quark and a down antiquark (ud). (a) State whether the 7 is
a baryon or a meson, explaining your reasoning from its quark content. (b) State the baryon
number of the ™. (c) A free neutron decays via beta-minus decay into a proton, an electron,
and an antineutrino. Verify that lepton number is conserved in this decay.

Lai giai chi tiét

(a) A meson, because it consists of exactly one quark and one antiquark (not three quarks, as
a baryon would).

(b) Each quark carries baryon number +% and each antiquark —
number § — 1 = 0 (true of all mesons).

(c) Before decay: a neutron (not a lepton), lepton number = 0. After decay: a proton (lepton
number 0) + an electron (lepton number +1) + an antineutrino (lepton number —1); total after
=0-+1—1=0, equal to the total before. Lepton number is conserved.

Using R = R, A/ with R, = 1.2 fm, calculate the radius of a lead-208 nucleus (4 = 208), and
hence estimate its density (taking its mass to be approximately 208 u). Comment on how this
density compares with that calculated for uranium-238 earlier in the chapter.

Loi giai chi tiét

1, so the 7" (ud) has baryon

Radius:
R = (1.2 x 1071%)(208)'/3 = (1.2 x 10715)(5.93) = 7.11 x 10~'°> m.
Volume: 4 A
V= §7rR3 = §7r(7.11 x 1071%)3 = 1.51 x 10742 m3.
Mass:
m = 208 x 1.66 x 10727 = 3.45 x 1072° kg.
Density:

m  3.45 x 1072° 3
= — =" __—923x10"k .
P= ¥ T 15l x10 2 % g/m

This is essentially the same density obtained for uranium-238 despite the very different mass
number, confirming that nuclear density is approximately constant across all nuclides — direct
numerical support for R oc A/3.
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On tap nhanh
e Dong hoc: v = vy + at, z = zy + vyt + 3at?, v? = 03 + 2aAz, z = 3y + (v, + v)t. Roi ty do:
a=g~ 981 m/s> huéng xudng; ném xién: tach riéng v, = hang s6 va v, chiu gia téc g.

e Dong luc hoc (Newton): Dinh luat | — vat gitr nguyén trang thai chuyén déng néu >_ F = 0; Dinh
luat Il — 3" F = ma; Dinh luat Il — lyc va phan lyc bang nhau vé do 16n, ngugc chiéu, tac dung Ién
hai vat khdc nhau. W = myg (trong luc); f < puN (ma sat); luén vé so do luc trugce khi viét Y- F = ma.

e Dong luvgng: p = mu; bao toan dong lugng khi > F._, = 0; xung lvc J = FAt = Ap. Va cham dan
ho6i: bao toan ca p va déng nang; va cham mém (dinh vao nhau): chi bao toan p, dong ning bi mat
mét phan.

e Cong, nang lwgng, cong suat: W = Fdcosf; KE = %va; PEpsp gan = mgh; dinh ly cong-dong
nang W,,., = AKF; bao toan co nang khi khong cé luc can: KE,; + PE; = KE; + PE;; cong suat
P=W/t=

Mm

e Hapdan: F = Gm 2. cwdng do trudng hap dan g = G—M : th& nang hap dan PE = —G (méc

0 tai r = oo); quy dao tron: v = /GM /r; dinh luat Kepler M: 72 o 73

e Nhiét hoc: Q = mcAT (nhiét dung riéng); Q@ = mL (nhiét chuyén thé — nhiét dé khéng déi trong
sudt qua trinh chuyén thé); Dinh luat | nhiét dong luc hoc AU = @ + W (cha y quy uédc dau cta W);
T(K) =T(°C) + 273.

e Chat khi ly twéng: pV = nRT = NkgT; dong nang tinh tién trung binh moi phan tr KE = 3kT
— nhiét d6 tuyét dai (K) ti [é thuan truc tiép vai dong nang trung binh phan tir, khong phu thudc loai
khi hay khéi lwong mol.

e Mach dién: V = IR; cong sudt P = IV = I?R = V?/R; méc nGi tiép: Rig,, = R, + Ry + -+ (I nhu
nhau); mac song song: 1/Rys,, = 1/R; + 1/R, + -+ (V nhu nhau); suat dién dong e = I(R + r) khi
c6 dién tro trong r.

r

e Dao déng diéu hoa (SHM): ¢ = —w?x (gia téc ludn hudng vé vi tri can bang, ti lé vdi li dé) con lac
16 x0 T' = 2m+/m/k; con lac don T = 27/L/g; co ning toan phan khéng déi £ = —mw x3, lién tuc
chuyén hoa gilra ddng nang va thé nang.

e S6ng: v = f\; séng doc (dao dong song song phuong truyén, VD am thanh) va séng ngang (dao dong
vuong goc, VD anh sang); giao thoa cuc dai khi hiéu du’ofng di = n\, cuc tiéu khi = (n + ))\ song
dirng hai dau c6 dinh: L = n\/2; hiéu ing Doppler: tan s6 tang khi nguén/nguai quan sat tién lai
gan, giam khi roi xa nhau.

k . .
e Dién truwong: dinh luat Coulomb F = % (c6 thé hat hoac day, khac trong luc ludn hat); cuong
T

Qq

A gn . k - x
do dién truong E = F/q = T?; thé nang dién PE = ; cong cua luc dién W = gAV. Luc tw

trén dién tich chuyén déng F' = quBsin 6; trén day dan mang dong F = BILsin# — dung quy tic
ban tay phai dé€ xac dinh chiéu luc.

e Vatly hat nhdn: A = Z + N; dong vi: cung Z, khac N; dinh luat phan rd N = Nye ™, Tyjp =In2/),
hoat d6 A, = AN; ba loai phan ra chinh: « (A gidm 4, Z gidam 2), 3~ (Z tang 1), 8T (Z gidam 1) — A, Z
luén bao toan & hai vé; nang lugng lién két E = Am c? véi Am la dé hut khéi, 1u = 931.5 MeV/c?;
do thj nang luong lién két/nucleon dat dinh tai A ~ 56 (Fe) — ca phan hach (hat ndng tach) Ian nhiét
hach (hat nhe hop) déu tod ning luong vi clng dua sdn pham tién gan dinh nay hon.

o Vatlylwong tir (AHL): hiéu i'ng quang dién hf = ®+KFE,, .. v6i KE, ... = eV,; budc song de Broglie

A = h/p = h/(mwv); nguyén ly bat dinh Heisenberg Az Ap > h/(4r); mlrc nang lugng nguyén tir

hydro E,, = —13.6 eV /n?; nang lugng photon E = hf = hc/A.

e Meo Iam bai nhanh: luén déi moi dai lugng vé don vi Sl trudce khi thay s6; kiém tra thir nguyén cda
dap s6 cudi cung; véi bai nhiéu budec, liét ké ro dai luvgng da biét va dai lugng can tim trude khi chon
cong thirc; doc d6 thi: dién tich dudi do thi van téc-thai gian 1a quang duong di duoc, d6 déc do thi
van téc-thoi gian |a gia tdc, do doc d6 thi vi tri-thdi gian 1a van téc.
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